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PREFACE 


The  techniques  used  in  flight  testing  undergo  continual  development  to  accommodate 
the  new  cbncepts  that  have  to  be  tested  and  to  improve  the  accuracy  and  efficiency  of  flight 
testing. 

In  recent  years  novel  flight  control  systems  have  greatly  increased  the  scope  of  handling 
qualities  clearance  work  to  include  violent  manoeuvring  at  high  angle  of  attack,  decoupled 
manoeuvres,  etc. 

Determination  of  aircraft  position  has  been  developed  for  greater  convemehce  and 
better  accuracy  anti  satellite  based  systems  art  now  being  introduced  for  navigation  assessment. 
These  reflect  the  constant  struggle  for  the  flight  test  techniques  and  instrumentation  to  stay 
ahead  of  the  systems  they  arc  assessing  in  terms  of  accuracy. 

The  major  advances  made  in  pilot’s  displays  have  led  to  the  development  of  new  test 
techniques  for  their  assessment.  Meanwhile  the  real  time  display  of  information  to  the  flight 
test  engineer  in  the  ground  station  and  the  rapid  processing  and  interpretation  of  results  on  the 
ground  have  continued  to  advance. 

At  che  same  time  there  are  always  novel  arid  interesting  applications  of  quite  simple 
techniques  which  are  of  real  interest  and  value  to  the  flight  test  community. 

The  Flight  Mechanics  Panel  has  held  a  symposium  on  flight  testing  every  four  years  or  so 
since  its  early  days  and  it  was  decided  to  follow  up  the  symposia  in  1976  and  1980  by  a  further 
one  on  "Flight  Test  Techniques".  This  led  to  the  symposium,  held  in  Lisbon.  Portugal,  in  April 
1984,  which  is  reported  in  these  oroceedings. 

The  Symposium  included  many  interesting  papers  and  provided  a  valuable  opportunity  for 
the  AGARD  flight  test  community  to  meet  and  discuss  broader  issues  such  is  the  cost  effectiveness 
of  the  complex  techniques  and  sophisticated  equipment  now  emerging. 

It  is  important  that  such  meetings  should  continue  to  be  organised  by  the  Flight  Mechanics 
Panel  on  a  regular  basis  so  that  new  techniques  for  flight  testing,  instrumentation  and  data  analysis 
can  be  disseminated  to  ensure  that  safe,  efficient  and  timely  testing  is  accomplished. 


A.  I). PHILLIPS  T.B.SAUNDERS 

Member,  FMP  •  •  Member,  FMP  . 
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DETERMINATION  OF  EXTERNAL  STORE  DRAG 

by 

K.  Lutz,  R.  Matecki 
CORNIER  GMBH 

,  D-7990  Friedrichshafen  AD-P004  098 

1.  INTRODUCTION 

"External  store  drag"  is  a  title  of  a  wide  field  of  aerodynamical  and  flight  mechanical  problems.  Our  con1 
siderations  are  based  on  ALPHA-Jet  work  and  thus-are  only  valid  for  stores  in  the  subsonic  flight  region. 
Until  now  no  exact  methods  for  preestimation  of  single  or  multiple  store  arrangements  are  commonly  known. 
The  only  successfully  used  methods  are  of  semi-empii 'cal  nature  for  which  the  most  critical  problem,  i.e. 
the  estimation  of  the  interference  drag,  is  to  be  taken  from  statistical  material  based  on  a  greatest  pos¬ 
sible  number  of  flight  test  results. 

Before  presenting  typical  results  from  the  evaluation  of  ALPHA-Jet  flight  tests  with  external  stores,  the 
philosophy  of  the  flight  test  evaluation  itself  is  desc  ,ed  shortly.  The  external  store  drag  values  from 
flight  tests,  evaluated  since  1975,  are  not  only  registrated  for  performance  purposes  and  documentation 
in  the  pilots  operating  handbook,  but  they  are  also  analysed  in  regard  to  the  causes  of  the  differences 
in- values,  to  the  individual  contribution  of  the  interference  drag  and  to  the  possibilities  to  define  poor 
drag  configurations.  The  latter  ones  are  limited  due  to  several  constraints  which  cannot  be  changed  (e.g. 
shape  and  aerodynamic  cleanliness  of  the  store  itself).  Here  only  the  importance  of  better  aerodynamic 
design  of  future  stores  can  be  emphasized. 

The  evaluation  of  external  stores  which  is  presented  here  concerns  single  store  configurations  and  double 
store  configurations.  In  the  final  chapter  the  necessary  considered  further  work  for  completing  external 
store  statistical  basic  data  is  listed  up. 


2.  TECHNIQUE  OF  EXTERNAL  STORE  DRAG  EVALUATION  FROM  FLIGHT  TESTS 

The  external  store  drag  is  to  be  evaluated  in  a  classical  manner  for  all  configurations  and  configura¬ 
tion  components  beginning  with  the  clean  aircraft  as  first  reference  configuration  and  than  evaluating 
step  by  step  additional  components  (e.g.  gun-pod,  pylons,  tanks  e.a.).  Our  main  efforts  were  directed 
on  under-wing  stores,  as  the  ALPHA-Jet  has  only  one  under-fuselage  station  for  a  gun-pod. 

To  come  to  reliable  results  for  the  drag  values,  the  main  condition  is  the  availability  of  individually 
calibrated  engines  for  a  certain  test  sequence.  This  calibration  is  done  for  all  engines  in  a  ground 
test  facility  and  for  some  cases  in  an  altitude  simulation  facility.  .The  results  are  adopted  together 
and'  the  brochure  data  set  of  the  engine  manufacturer  (for  a  minimum  engine)  is  fitted  to  the  calioration 
results  by  correction  factors.  Every  time  the  engines  are  replaced  by  others  these  correction  factors 
were  also  to  be  checked  or  changed.  And  as  a  result  of  this,  new  reference  flights  were  necessary,  which 
were  the  starting  point  for  the  evaluation  of  further  added  store  components.  The  primary  engine  signals 
uhich  could  be  used  to  calculate  the  actual  thrust  (beside  mass  and  atmospheric  data)  were  RPM,  nozzle 
pressure  and  fuel  flow.  I  the  first  time  we  used  nozzle  pressure  and  fuel  flow  parallelly,  but  in  later 
time  we  only  useo  the  “fuel -flow-method"  because  of  the  test  reliable  results.  By  using  the  equilibrium 
of  forces  equations  we  come  to  polar  curve  points  C,  ,  Cg  (M,  a)  tdiich  were  filtered  in  a  last  computation 
step.  The  interesting  drag  '■ontribution  of  a  certain  store  including  the  interference  drag  is  found  as 
the  difference  between  the  drag  with  this  store  and  the  configuration  without  that  (in  the  same  test  se¬ 
quence).  An  angle  of  attack  dependency  in  the  practically  used  angle  of  attack  range  was  never  found.  The 
additional  store  drag  always  resulted  only  in  a  corresponding  parallel  shift  of  the  drag. polar  curves  of 
the  clean  aircraft. 


J.  TEST  RESULTS  FROM  StNGU  MOUNTED  STORES  UNDER  PYLONS 

fig.  i  shows  the  evaluated  additional  drag  curves  from  flight  test  for  some  single  mounted  stores  under 
pylons  in  terms  of  drag  aefe a  &C0*S  where  the  pylon  contribution  itself  is  exclude*  out  the  interference 
between  store  and  wing  is  included  The  curve  for  the  training  system  CSLS-2QQ  (Carrier  Saab  tight  Store*) 
was  evaluated  for  an  asymmetric  mounted  case  i.e.  only  one  store  at  the  aircraft.  This  result  with  the 
very  high  drag  contribution  of  one  store  only  was  somewhat  unexpected  in  this  amount,  because  first  pre¬ 
estimations  and  the  following  wind  tunnel  test  phase  let  hope  for  a  considerably  lower  additional  drag. 

The  trim  drag  contribution  for  this  asymmetrical  case  was  checked  to  be  negligible.  Not  only  the  evalua¬ 
tion  of  several  flight  test  sequences  bt<t  also  additional  evaluation  of  later  German  Airforce  flight*  con¬ 
firmed  this  result. 

the  lower  curves  of  drag  a treat  are  valid  for. two  stores  in  symmetric  mounted  configurations,  kftereas  the 
230  L-tanks  are  mounted  always  under  the' outer  wing  pylons,  the  other  store  drags  are  always  evaluated 
for  the  position  under  the  inner  pylons.  For  some  of  the  smaller  stores  also  the  position  under  the  outer 
.  pylons  where  checked,  but  no  considerable  difference  was  found,  it  was  always  in  the  (fairly  small)  scat¬ 
ter  range  of  the  evaluation  points.' 

A  comparison  of  thesa  drag  curves  does  not  lead  ta  further  unexpected  conclusions.  Owe  t»  the  Re-ramber 
influence,  the  curves  are  going  first  down  at  low  Mich-numbers  until  the  compressibility  influence';  let 
them  more  or  less  steep  up.  The  drag  level  co-re-, ponds  in  all  ease*  with  the  aerodynamic  clean!  nett 
and  w'itn  the  wetted  store  surfeci.  the  importance  of  .aerodynamic  cleanliness  can  best  be  see*  at  the 
example  of  the  2xMK  82,  a  typical  low-drag  bomb.  For  the  case  with  a  crude  host  initiator  the  store  drag 
is  double  as  Meha*  for  the-  case  with  tha  smooth  regular  conical  nose. .  ^  ■  •_ 
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In  fig.  2  the  results  of  the  drag  evaluation  for  three  types  of  single  mounted  launchers  are  shown.  Tney 
were  mounted  symmetrically  under  the  inner  pylons  and  in  some  cases  also  under  the  outer  pylons.  Comparing 
the  results  for  the  two  positions,  again  the  differences  were  within  the  evaluation  points  scatter. 

The  launchers  were  tested  for  the  cases  "full"  and  "empty".  The  geometric -dimensions  as  well  as  the  surface 
aerea  were  within  the  same  order  of  magnitude,  so  that  the  differences  in  the  results  are  caused  only  by 
the  individual  aerodynamic  cleanliness.  A  table  in  the  lower  part  of  this  figure  gives  a.  first  impression 
of  the  surface  quality  "full"  and  "empty"  with  r'-=uir  in  the  logical  differences  of  the- drag  level.  Sut 
because  of  one  unexpected  result,  some  additional  remarks  must  be  made  to  this  figure:. 

For  the  case  "full",  due  to  the  smooth  plastic  covered  nose  the  LAU  5002/A  has  the  lowest  drag  values,  and 
due  to  the  uncovered  rocket  holes  the  LAU-51A  shows  the  highest  values.  The  values  for  tne  LR-155  NO  are 
placed  between  those  others. 

For  the  case  "empty"  the  sequence  is  otherwise  ordered.  The  additional  drag  curve  of  the  LAU-51/A  empty 
is  not  only  placed  lower  than  those  of  the  other  two  launchers,  it  is  even  a  little  hit  lower  than  for 
the  LAU-51/A  "full".  Foi  the  preestimation  it  was  commonly  assumed  that  an  empty  launcher  always  must  have 
a  higher  drag  tnan  a  full  one  because  of  the  larger  wetted  aerea  (rocket  holes)  and  intake  perturbations. 
But  as  can  be  seen  here  the  combined  detail  contributions  are  more  complicated.  For  the  LAU-51/A  the  open 
uncovered  rocket  holes  in  the  loaded  configuration  obviously  generate  disturbances  which  yield  to  a  rela- 
tively  high  drag.  In  the  unloaded  case  these  disturbances  vanish,  the  intaxe  flow  is  relatively  regular 
and  the  base  drag  is  decreased  by  ventilation.  The  additional  friction  drag  is  lower  than  thesum  of  the 
above  mentioned  contributions,  so  that  the  result  for  the  empty  LAU-51A  is  lower  than  for  che  full  case. 

For  the  other  two  launchers  the  drag  behaviour  is  of  somewhat  other  nature.  In  the  full  case  the  flow 
around  the  covered  nose  is  relatively  clean  (better  for  the  LAU  5003/A).  But  in  the  empty  case,  this 
cover  is  perforated  by  the  fired  rockets,  the  inlets  are  irregular  and  generating  disturbances  outside 
the  stores.  The  flow  velocity  through  the  holes  is  lower  than  in  the  case  of  LAU-51A,  thus  yielding  to 
lower  additional  friction  drag,  but  also  avoiding  the  full  decreasing  of  the  base  drag"  by  ventilation. 

As  a  sum  of  all  detail  contributions,  the  overall  launcher  drag  for  these  two  types  is  higher  in  the  emp¬ 
ty  case  than  in  the  full  case. 


4.  ANALYSIS  OF  DRAG  TEST  RESULTS  FOR  SINGLE  STORE  CONFIGURATIONS 

It  is  not  a  satisfying  work  to  evaluate  the  external  s.tore  drag,  thinking  about  why  the  drag  of  one  store 
is  more  or  less  different  tnan  that  of  an  other  and  than  to  document  it.  For  future  preestimations  it  is 
desirable  to  go  into  more  details,  to  get  also  information  of  the  very  important  interference  drag  be¬ 
tween  store  and  wing  as  statistical  values  which  allow  also  to  come  to  conclusions  for  special  low  drag 
arrangements.  Concerning  the  interference  drag  contribution  it  is  desirable  to  know  the  influencing  para¬ 
meters  quantitatively.  In  combination  with  the  external  store  drag  evaluation  from  Alpha-Jet  flight  tests 
the  following  approach  to  analize  the  store  drag  was  chosen: 

-  assuming  the  measured  drag  of  a  store  under  an  a/c,  interference  drag  included,  is  valid  and 

-  assuming  the  aemiempirically  estimated  free  flight  store  drag  without  interference  is ;  also  valid 

-  in  this  case  the  difference  between  these  two  values  must  be  the  interference  drag  contribution. 

The  second  of  the  above  assumptions  will  accept  a  certain  scatter  in  the  results  but  seldom  massive  de¬ 
viation  will  occur  (in  our  cases  estimation  of  the  CBLS  e.g.). 

If  now  as  much  as  possible  values  of  external  stores  are  evaluated  in  this  way  and  documented  with  all 
possibly  contributing  character; stical  informations,  it  can  be  attempted  to  answer  to  the  question 
"what  parameters  are  • influencing  the  ~ interference  drag  in  which  way?". 

And  if  this  is  known  ail  informations  for  future  low  store  drag  arrangement  are  available. 

The  technique  of  evaluating  the  store  drag  from  flight  tests  was  already  shortly  described  in  chapter  2. 
Fig.  3  shows  the  steps  for  estimating  the  external  store  drag  beginning  with  step  1  by  determining  the 
friction  and  pressure  drag,  continuing  by  adding  the  different  contributions  of  step  2  thru  4  and 
summing  all  these  steps  up  to  the  so-called  "free  flight  store  drag"  without  interference,  wMchis  to 
be  compared  in  one  actual  case  with  the  flight  test  results  to  analyze  the  interference  contribution. 

For  unknown  store-arrangements  the  "free  flight  store  drag"  must  be  multiplied  with  the  interference 
factor  for  the  interaction  between  wing  and  body  and  perhaps  also  for  double  body  arrangements.  But  the 
aim  of  our  efforts  was  to  come  to  these  interTerence  factors  by  the  above  described  comparing  method. 

About  10  years  ago,  Mr.  Berry  [1]  from  the  ARA  in  CB  published  a  very  useful  extensive  paper  in  the 
AGARD  Lecture  Series  Nr.  67,  where  he  combined  empirical  methods  with  wind-tunnel  measurements.  We  now 
attempted  a  similar  approach  by  combining  flight  test  results  on  the  ALPHA-Jet  with  semiempirical  methods 
to  come  to  a  diagram  of  interference  factors  equivalent  to  that  of  Mr.  Berry.  Our  results  are  presented  in 
fig.  4  for  axis-symmetrical  stores.  A  similar  one  was  evaluated  for  flat  stores  like  pylons.  Ttie  used  sym¬ 
bols  are  the  same  as  defined  by  Mr.  Berry:  E  =  factor  of  aerodynamic  cleanliness  (ratio  of  free  flight  drag 
and  friction  drag);  aM  =  difference  between  actual  Machnumber  an '.drag  rise  Mach-nuaber  of  wing;  Kc  =  in¬ 
terference  factor  (ratio  of  store  drag  under  wing  pylon  and  free  flight  drag).  Here  the  often  found  re¬ 
sults  are  demonstrated,  that  the  "cleanier"  the  store  is  (low  E),  tlv  higher  will  be  the  interference  fac¬ 
tor. 

Compared  with  the  corresporioi ng  diagram  of  Mr.  Berry  it  is  to  be  stated  that  the  whole  carpet  is  shifted 
to  higher  values.  Values  extremely  below  K,  =  1.0,  due  Imaginable,  were  not  found  during  the  ALPHA-Jet 
flight  test  evaluation.  _  •  • 


1-' 


Further  it  is  to  be  stated  that  the  diagram  is  of  limited  validity.  Two  examples  may  illustrate  .this: 

The  external  320- 1 -tank  of  the  A1 PHA-Jet  is  of  extt eme  aerodynamic  cleanliness  (E  ^  1.6)  but  the  result¬ 
ing  interference  factor  is  about  Ks  =  1.0.  The  aerodynamical ly  very  dirty  CBLS-200  (E  n.  7)  shows  an  in¬ 
terference  factor  about  Kj  •o  2.  Especially  the  first  case,,  where  the  quite  long' tank  (3,5  m)  is  mounted 
under  the  outer  wing  pylon  with  a  local  wing  chord  of  only  1,3  m  an  influence  dr  these  geometrical  rela¬ 
tions  is  to  be  suspectec'.  Some  attempts  were  made  with  the  ALPHA-Jet  external  store  flight  test  data  to 
construct  diagrams  including  such  geometrical  influences,  but  until  now  these  efforts  were  without  success, 
as  not  enough  values  were  available. 

Thus  the  interference  drag  diagram  of  fig.  4  is  only  be  corsiderfd  as  a  first  approacn  for  average  exter¬ 
nal  store  dimensions. 


5.  TEST  RESULTS  FROM  DOUBLE  MOUNTED  STORES  UNDER  TWIN  CARRIERS 

During  the  ALPHA-Jet  flight  tests  some  double  mounted  st<ves  configurations  for  different  stores  and  dif¬ 
ferent  twin  carriers  were  evaluated.  Fig.  5  gives  a  first  selection  of  drag  values  of  double  mounted  sto¬ 
res,  including  all  interferences  (to  tha  wing  and  between  one  another),  but  without  the  drag  contribution 
of  pylons  and  twin  carriers. 

This  figure  gives  a  first  impression  of  the  importance  of  the  choice  of  the'  twin  carrier  type  on  the 
double  stores  drag.  It  should  however  be  noted  that  this  is  only  one  contribution  to  the  sum  of  the  drag 
including  the  carrier's  own  drag,  too. 

First  the  case  of  2x2  BL755  in  the  upper  part' of  the  figure  shoula  be  considered.  The  flat  twin  carrier 
ML  in  its  origin  configuration  led  to  the  highest  double  stores  arrangement  of  the  4  BL755.  A  small  modifi¬ 
cation  at  the  carrier  MLr  (shortened  =  rognfe)  decreased  the  drag  only  a  little  bit;  The  body  shaped  carrier 
Y-OC,  which  was  better  was  only  evaluated  for  comparison,  but  the  special  development  of  the  A-formed 
carrier  Y-ES  1954  with  an  extreme  spacing  of  the  stores  decreased  the  drag  of  4xBL755  by  about  30  %.  Com¬ 
paring  this  curve  with  that  in  fig.  1  for  2x8L755  under  single  pylons  shows  that  the ..1 nterference  factor 
for  double  stores  is  reduced  by  the  spacing  of  the  twin  carrier  to  1.0,  i.e.  the  drag  of  one  store  under  . 
the  Y-ES  1954  corresponds  to  a  single  mounting.  ,  , 

Further  interesting  results  are  the  lowest  two  curves,  each  for  only  one  BL/55  under  the  twin  carrier  MLr. 
The  second  store,  which  is  mounted  at  the  side  of  a  first  already  tested  store  has  only  half  the  amount 
of  drag.  This  would  result  into  the  conclusion  that  for  this  configuration  -  the  stores  are  in  a  very 
tight,  nearly  touching  position  -  a  favourable  double  -  stores  effect  exists.  Sunning  up  the  values  of 
the  two  lowest  curves  and  multiplying  with  2  leads  to  the  result  of  4xBL755  at  MLr  in  the  upper  part  of 
the  figure.  It  is  to  be  noted  that  the  latter  curve  is  taken  from  the  early  time  of  flight  test  evaluation 
wnereas  the  lower  ones  are  from  a  far  later  test  period;  but  the  results  are  fitting  well  together.  (A 
further  evidence  of  existing  favourable  double  store  interference  in  this  special  case  was  found  during  a 
wind  tunnel  test  serie  concerning  a  study  for  low  drag  arrangements  121 .  A  fairing  around  the  front  and 
side  parts  of  the  MLr  with  two  BL755  led  to  an  overall  increased  drag.)  The  other  stores  under  MLr 
(SAMP  250  kg  and  MK62)  show  lower  drag  values,  corresponding  to  their  smaller  dimensions. 

But  as  already  stated  above,  the  drag  of  the  stores  with  all  interferences  is  only  a  part  of  the  total 
additional  drag  which  includes  also  the  contribution  of  pylons  and  twin  carriers,  and  which  is  finally 
of  interest  for  the  performance.  An  impression  of  such  a  comparison  gives  the  diagram  in  fig.  6,  which 
shows  the  total  drag  of  4  x  Matra  SAMP  250  kg  stores  with  two  pylons  and  two  twin  carriers'  of  different 
types . 

The  best  (lowest  drag)  with  nearly  no  compressibility  effect  shows  the  configuration  with  tandem  store 
mounting,  as  a  result  of  the  well  known  favourable  low  drag  interference  and  the  own  low  drag  of  the  car* 
rier  itself.  The  case  with  the  fairly  small  flat  ALKAM  4020  with  tight  parallel  positionin';  of  the  SAMP- 
stores  has  also  good  results  in  the  low  Mach-nuaber  region,  but  with  a  steep  drag  creep  al  higher  Mach-1 
number  values.  The  difference  between  configurations  with  the  .body-shaped  AU-f 1-standard  and  AU-Fl -modi¬ 
fied  is  caused  by  ah  other  solution  for  the  store  rack  system  with  identical  stores  and  stores  spacing. 

The  Refaut  twin  carrier  is  also  body  shaped^  The  overall  additional  drag  with  this  carrier  is  similar 
with  the  modified  AO-Fl -configuration  in  the  lower  Mach -number  range  but  with  a  steeper  drag  creep.  The 
highest  overall  additional  drag  is  fopnd  for  the  case  with.  MLr. 


6,  ANALYSIS  (V  DRAG  TEST  RESULTS  FOR  DOUBLE  STORE  OWflGWATteW 

With  this  analysis  some  know! edgement  about  the  mutual  interference  between  two  double  arranged  stores 
should  be  found.  Again  Mr.  Berry  from  the  AAA  in  <SS  presented  in  the  above  referenced  report  III  a  first 
diagram  for  double  store  mutual  interference,  *d*ere  this  factor  tn  is  the  quotient  of  the  drag  of  two 
stores  in  double  configuration  and  that  of  two  corresponding  single  store  arrangements ,  which  is  a  fyv-ction 
of  the  store  spacing. and  the  flight  Mach  number. 

The  analysis  of  our  flight  test  results  is  a  little  bit  mere  complicated  because  the  several  results  for 
different  spacing  are  found  for 

•  different  twin  carrier  types  with  different  store  rack  systems  (crotch  arms  e.p.)  which  can  hate 
net  negligible  influence  and  vhich  cannot  be  separated  from  the  interference  dreg  factor  IU  tfl  the 
Case  of  consideration  of  the  same  start  types; 

-  different  combinations  of  stares  with  the  seme  twin  carrier  type.  It  is  imagirabla  that  an  indi¬ 
vidual  different  contribution  caused  by  different  stem  body  shapes  occurs. 


It  must  be  taken  in  mird  that  these  two  influences  during  our  analysis  of  jruale  nesnfcad  stores  must  ne¬ 
cessarily  be  neglected.  It  is  supposed  out  not  demonstrable  that  these  influences  i.ir  atsc  cases  can  c-c 
neglected.  But  a  certain  scatter  in  the  results  of  the  analyses  must  be  expected  ta-be  e««<£ant. 

In  -ig.  7  the  evaluated. double  score  interference  .'actor  as  defined  above  is.  shown  for  always  the  same 
store  type  [2  x  SAMP  2S0  kg)  under  different  twin  carriers  (the  relative  spacing  of  each  is  noted)  as  a 
function  of  Mien  number  for  the  above  assumptions.  The  lowest  Kg -factor  is'fcand  below-  1. 0  rcr  the -stores 
under  the  tandem  carrier,  where  no  spacing  can  be  defined.  A  Kg-f actor  of  1.0  indepenaent  frm  .vacn  r.unoer 
is  characteristic  for  the  stores  under  the  specially  constructed  .'.-pylon  with  a  very  larger  racing 
(y/0  \  1,9).  At  low  Macn-nuii.-?v»  for  the  mounting  under  the  flat  ALKAN  4020  with  very  DgnC  soaring 
(y/0  v  1 . J. 7 )  similar  results  for  Kg  are  found  ( remember  the  favourably  appearing  i nterfenwee  eriect  for 
the  second  81755  under  M’.r  in  fig.  5).  The  Highest  values  for  Kg  are  ,how«  for  the  mounting  under  MLr 
for  medium  spacing  with  the  actual  store  at  about  y/u  1.37.  Higher  spacing  with  L.57  uiU  ^  1.63  for 
the  carriers  AU-P1  and  Rafaut  lead  to  Kg-factors  Between  maximum,  and  minimum  values,  3Pt  it  is  note  worthy 
that  the  evaluation  for  the  AU-F1  standard  total  configuration  and  for  the  AU-FI  modified  total  configura¬ 
tion  lcaas  to  the  result,  that  the  Higher  total  drag  of  the  first  one  as  shown  in  fig.  o  is  parr,  of  the 
drag  of  the  twin  carrier  only  and  not  part  of  the  interference  drag,  so  that  the  same  Kn-vaiue  for  the 
double  mounting  of  the  store  is  found  ;n  both  cases.  This  result  lets  hope  that  the  adawe  assumed  "eglec- 
tion  of  such  influences  is  not  totally  unacceptable.  The  same  result  that  for  very  tight  spacing  and  very 
wide  spacing  of  stores  the  lowest  Kg-factors  are  found  also  in  the  curves  of  fig.  3  where  three  cases  of 
positioning  different  stores  under  the  same  twin  carrier  (MLr)  are  drawn.  The  actual  spacing  values  are 
given  numerically.  The  case  of  the  two  stores  3L/55  is  evaluated  from  the  already  presented  results  with 
;ne  favourably  appearing  interference  effect  in  fig.  5. 

For  summarizing  the  foregoing  results  fig.  9  is  drawn  with  Kq  as  a  function  of  the  relative  spacing  and 
with  curves  of  constant  Mach-number.  The  case  for  stores  under  the  tandem  carrier  is  excluded  here.  The 
evaluated  value  range  of  the  interference  factor  Kq  is  marked  for  each  carrier  configunaatiutT.  at  the 
actual  spacing  position  as  '.olid  bars  for  the  case  of  SAMP  250  kg  and  as  dashed  bars'  fdrr easier'  external 
store  types. 

The  characteristics  of  the  curves  are  to  be  considered  with  the  fallowing  reservations: 

-  At  the  High  soacing  of  about  y/0  *  2.0  the  curves  must  come  together  asymptotically ,  because  the 
mutual  interferences  vanish  independently  of  the  Mach  number;  but  the  results  ran  only  be  a  first 
approximation. 

-  At  very  tight  spacing  with  y/0  -  1.0  the  evaluation  led  also  to  relatively  law  K- -values  but  w'  th 
a  relatively  higher  scatter.  Bit  all  discussed  detail  results  seem  to  support  the  conclusion  that 
tighten  the  spacing  below  a  certain  value  will  lower  the  K.-factor.  For  this  case  remember  <,aain 
the  test  results  for  tne  contribution  of  each  of  the  two  oOuble  mounted  BL75S  under  MLr.  Never¬ 
theless  for  assuring  this  result  further  test  values  for  this  region  in  the  diagram  are  desirable. 

-  Regarding  only  the  resul"s  in  combination  with  f'at  plate  similar  twin  store  carriers  (MLr, 

AlKAN  4020  and  Y-ES)  tne  total  scatter  of, the  values  in  this  diagram  is  somewhat  1  ewer.  But  also 
in  these  cases  influences  of  different  body  snapes  and  rack  systems  are  to  bt  accepted'..  Therefore 
a  much  higher  number  of  evaluated  double  mounted  stores  is  desirable;  and  as  long,  as;  these  are  not 
available,  this  diagram  must  be  regarded  as  being  preliminary. 


7 .  SbMMARY 

Experience 'of  several  years  in  evaluating  the  additional  drag  of  external  stores  shows  that  enough  confi^ 
denes  exists  in  the  standardized  meuiocs  in  flight  tests  with  the  most  important  condition  of  availability 
of  individually  cal  i  bra  ted  engines  ,  .  -  • 

But  more  analyzing  work  on  additional  other  external  stores,  carriers  and  airplanes  ,i&  necessary}  especial¬ 
ly  for  more  statistical  values  concerning  the  interference  drag.  Additionally  further  efforts  are  ne¬ 
cessary  for  incorporating  the  surely  existing  geometrical  dependencies  between  stores,  pylons  and  wing 
in  new  interference  diagrams.  •  'c  -  •  '  .... 

Concerning  the  twin  store  carrier  configurations,  aisff  further  additional  evaiuat tuns. for  other  store 
types  in  combination  w,ith  the  already  known  carriers  as  well  as  for  new  carrier  types  are  necessary-wi th 
the  aim  to'get  more  inform.-tionS  about  t'"e  double  store  interference  factor.  This  is  especially  desirable 
for  configurations  with  fairly  eight  spa  •  mg '  _y_; 

Not  included  in  this  report  are  evaluations  of  multiple  carrier  interferences  with  more  than  two  stores 
because  they  were  not  tested  on  the  ALPHA-,let.  Systematical  work  with  analysis  concerning  these  confi¬ 
gurations  is  unknown.. 

Summarizing  the  above  statements:  Further  efforts  are  necessary  for  completing  the  statistical  values  of 
externa!  store  drag  with  all  influencing  parameters  with  th,  aim  to  be  sure  in  preestiroatjon  of  r.ot 
tested  new  stores  especially -in  low  drag  arrangement.  ■ 
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-The  paper  describes  th»  flight  testing  of  the  Spin  Prevention  and  Incidence  Limiting  System  (SPILS) 
now  fitted  to  the  Tornado  aucraf*.  The  trial  was  carried  out  in  parallel  with  the  conventional  stalling 
and  spinning  trial  and  th"  (peciai  aircraft  equipment  and  test  procedures  were  common* to  fcotte  trials  for 
much  of  the  time.  The  use  of  telemetry  was  of  particular  importance  to  the  conduct  of  the  trial  and  is 
considered  in  some  detail.  The  raped  then  describes  the  -PILS  flight  testing,  with  and  without  stores, 
vxi  oescnbes  the  reasons  for  ti.e  control  law  modifications  required  to~"*?ine  tune"  "the  performance  of  the 
system.  In  conclusion,  consideration  is  given  to  the  lessons  learned  from  the  flight  trial. 


1.  INTRODUCTION 

The  potential  of  "fly-by-wire"  flight  control  systems  to  modify  aircraft  handling  characteristics  is 
by  now  well  snown.  This  potential  extends  to  the  possibility  of  reducing  pilot  workload  by  providing 
automatic  protection  frcm  departures  and  spins.  However,  the  number  of  aircraft  which,  have  been  introduced 
into  service  equipped  w.th  such  systems  is  as  yet  snsll.  This  paper  deacribes  the  flight  development  of 
an  automatic  spin  prevention  system  for  the  Tornado  which  will  be  the  first.  aircraft  in  operational  service 
in  th*  G.K.,  Germany  and  Italy  to  be  so  equipped. 

•  nen  considering  the  design  of  the  Tornado  Spin  Prevention  and  Incidence  Limiting  System  (SPILS),  the 
following  factors  had  to  be  taken  into  account: 


a)  The  aircraft  hsa  variable  geometry  winga  and  ia  designed  to  carry  large  varieties  of  external  stores, 
resulting  in  a  very  large  nuaber  of  different  configurations  to  be  protected. 

b)  The  basic  flight  control  systes  (called  the  Command  and  Stability  Augmentation  System  or  CSAS)  had 
been  designed  .o  specific  stebility  criteria  without  reference  to  the  possibility  of  an  extra  control  loop. 

c/  The  CSAS  ia  a  triplex  analogue  system  and  thus  leas  flexible  to  control  law:  changpm  than  digital 
sy atoms. 

d)  The  addition  of  automatic  spin  prevention  allows  the  pilot  to  dgmand  more  from  hia  aircraft  and  thus 
dt signers  have  to  protect  the'  aircraft  against- unusual  combinations- of  control  inputs  applied  at  very 
bigh  rates.- 

Tho  SPILS  was  therefore  designed  to  be  an  addition  to  the  already  p.-oved  CSAS.  It  was  a  design 
comreint  that  the  only  CSAS  modifications  allowed  would  be  in  the  interface  and  that  only  existing  sensors 
could  be  used  to  provide  inputs  to  the  SPILS.  The  design  was  primarily  carried  out  in  ths  U.K.  However, 
since  BBB  in  Germany  hell  System  . eeign  Responsibility  (SDR)  rT  the  CSAS  they  verm  closely  involved  in 
ensuring  that  the  SPILS  dil  not  deatabliae  the  CSAS. 

The  SPILS  is  a  duplex  analogue  computer  and  functions  in  two  ways  (figure  t): 

a)  Angle  of  Attack  ( AoA)  is  limited  by  augmenting  pitch  stiffness,  "hi*  is  achieved  by  feedback  of  AoA 
and  pitch  rate  signals  into  the  pitch  axis,  of  the  CSAS. 

b)  Lateral  control  authority  is  reduced  at  high  AoA  to  levele  which  will  not  provoke  departure. 

Note  that  no*  reatriction  of  load  factor  is  provided,  and  no  account- is  taken  of  the  aircraft's 
configuration,  either  In  termn  of  wing  sweep  or  store  load. 

As  far  as  the  pilot  is  concerned,  he  notices'  that  pitch  stick  force  la  increased  at  high  angle  of 
attack,  compared  with  a  non -DHLS  Tornado,  and  in  most  caass  full  back  stick  earn  be  reached  without 
departure.  Also,  numsrlcal  AoA  limitations  jn  the  une  of  lateral  control  are  removed  and  full  lataral 
stick  and  full  pedal  can  be  applied  at  lull  oack  stick  without  endangering  the  aircraft.  Should  a  -yatem 
failure  be  detected,  an  alarn  la  sounded  and  the  SPILS  is  disconnected  from  the  CSAS.  '  A  reset  can  be 
attempted  and,  if  successful,  full  SPILS  functions  are  restored. 


2. 


FLIGHT  TRIAL  OBJECTIVES 


The  objective*  of  the  flight  trial  Here: 

a)  To  demonstrate  that  SPILS  protected  the  aircraft  against  loss  of  control  and  define  the  wider  clearance 
envelope  therefore  available. 

b)  To  demonstrate  the  increased  manoeuvrability  available  to  a  SPILS  equipped  aircraft,  relative  to  a 
non-SFILS  aircraft  obeying  its  limitations. 

c)  To  demonstrate  that  the  Si'ILS  would  not  impair  control  of  the  aircraft  within  the  SFILS  cleared 
envelop*. 

d)  To  demonstrate  satisfactory  engine,  intake,  CSAS,  airdata  and  systems  performance  at  the  angles  of 
attack  achievable  uith  SFILS. 

3.  TEST  VEHICLE 

The  flight  testing  of  the  SFILS  was  carried  out  in  parallel  with  the  conventional  stalling  and 
spinning  trial  using  the  second  Tornado  prototype,  ?02.  Both  of  these  trisls  were  designsted  as  "high  risk" 
programmes  and  thus  the  aircraft  was  specially  equipped  for  recovery  from  out-of-contrpl  situations.  The 
reason  for  this  classification  is  obvious  when  considering  the  spinning  trial  but  perhaps  not  so  when 
referring  to  SPILS.  In  the  latter  case,  although  the  SPILS  was  designed  to  protect  against  lv.sa  of  control, 
it  was  considered  .important,  as  a  matter  of  philoaophy,  to  anticipate  departures  from  controlled  flight  - 
even  when  not  predicted  or  expected  -  until  the  system  had  been  proved  by  vigorous  testing.  Only  when 
departure  protection  had  bean  confirmed  would  the  safety  device*  be  removed  so  that'  their  aerodynamic  effect 
could  be  shown  to  be  negligible. 

Considering  now  the  particular  safety  devices  fitted,  the  moat  noteworthy  items  ware  (figure  2): 

a)  An  anti-spin  parachute  fitted  to  an  external  gantry. 

b)  A  hydrazine  powered  emergency  power  unit  (FTC)  and  a  battery  powered  electro-hydraulic  pump  (EHP), 

providing  two  levels  of  back-up  hydraulic  power  in  th*  event  of  a  double  flams  out. 

,c)  A  D.C.  fuel  pump  powered  is  the  event  of  a  double  flam*  out. 

d)  Special  cockpit  diaplaya  to  help  th#  pilot  recognise  the  aircraft's  motions  and  thus  determine  the 

correct  control  inputs  for  recovery  < f igura  3). 

e)  The  aircraft  wsa  converted  to  single  crew  operation  .'or  the  duration  of  th#  trials.  The  rear  cockpit 
was  occupied  by  parta  of  th*  emergency  hydraulic  equipment. 

f)  A  comprehensive  flight  teat  instrumentation  fit  tras  installed  which  could  be  broadcast  via  a  telemetry 
link  to  warton  Airfield  for  real'  time  monitoring.  The  moat  essential  parameters  were  arranged  to  be  powered 
in  the  event  of  a  double  flame  out. 

g)  The  telemetry  system  also  allowed  continuous  two-way  voice  contact  between'  the  pilot  and  the  ground 
monitoring  station.  A  "fiot-mika"  system  allowed  tK*  pilot  to  talk  without  naving  to  operate  switches. 

This  facility  was  add i ♦ ' -nal  to  the  normal  radios,  used  for  air  traffic  control  purposes  in  th*  normal  way. 

<*.  TELiyETRT 

The  use  of  the  telemetry  facility  was  extremely  important  to  both  the  SPILS  trial  and  the  spinning 
trial  and  will  therefore  te  considered  in  same  detail..  Although  the  risk  of  e  developed  spin  during  the  ' 
SPILS  trial  was  considered  low,  it  could  not  ruled  out.  Hence  ell  of  the  special  facilities  developed 
for  t;«  spinring  trial  were  also  used  when  testing  th#  SPILS. 

For  all  stages  of  SPIIS  development  flying  (and,  ef  course,  the  spinning  trial)  full,  real  time 
telemetry  cover  waa  mandatory.  Any  teleaatry  system  failure  required  high  angle  of  attack  testing  to  b# 
abandoned  until  it  waa  repaired. 

Th*  telemetry  monitoring  team  warn  specially  trained  and  comprised  engineering  specialists  in  aircraft 
handling,  aircraft  systems  and  engines,  plus  a  safety  pilot.  The  safety  pilot  waa  the  only  member  of  tha 
telemetry  team  In  radio  contact  with  the  aircraft  pilot  and  was  usually  a  qualified  Tornado  spinning  pilot 
for  familiarity  with  th#  pilot'*  workload  during  testing. 

Each  monitoring  team  member  wi a  trained  according  to  hia  individual  rol*  using  a  simulation  system 
connected  to  the  normal  teleaatry  displays.  Of  particular  not#  is  the  feet  that  the  nefety  pilot  and 
senior  handling  engineer  assisting  hia  were  trained  to  recognisa  spin  modes  additional  to  those  predicted  by 
the  theoretical  analysis  of  th*  aircraft,  Thic  gave  maximum  confidence  that  they  would  not  be  "taken  by 
surprise"  by  any  unusual  aircraft  beha/iour  which  might  occur. 

Parta  of  the  ttleretry  room  were  specially  configured  for  the  trials,' with  only  the  moot  essential 
information  for  aircraft  recovery  bring  presented  to  the  safety  pilot  and  handling  engineer,  Secondary 
information  was  monitored  by  the  other  team  members  and  instruct loss  ware  passed  to  the  safety  pilot  by  - 
intercom  using  pre-de fined  phrases  to  avoid  confusion* 


Th#  philosophy  of  the  telemetry  team  was  to  assist  the  aircraft  pilot  in.  recognising  the  notion  of 
the  aircraft,  advise  hia  of  the  correc.  recovery  controls  and  also  advise  his  when  vital  actions  were 
required,  for  example,  when  passing  critical  heights  or  when  engine  shutdown,  we*  cece»s*ry.  The  pilot, 
of  course,  reaained  in  command  of  the  aircraft  at  all  tines. 

The  use  of  telenetry  in  this  way  was  vits'.  to  the  safety  of  the  trial  and  also  allowed  thy  neat 
efficient  use  of  flight  time  within, the  safety  constraints. 

5.  HUH  AMGLS  OF  ATTACK  TEST  P  ROC  SPURS 

In  addition  to  the  retention  of  the  telenetry  monitoring  techniques  developed  for  the- spinning  trial, 
the  special  aircraft  operating  procedures  used  in  the  spinning  trial  were  retained  until  the  departure 
protection  offered  by  3PIL3  had  been  oucceaafully  demonstrated. 

In  all  but  the  final  phase  of  the  SPIIAi  trial,  the  testing  was  carried  out  at  55000  feet  (10667m)  in 
a  designated  spinning  nrea  near  warton.  The  spinning  area  was  selected  to  be  fre*  of  air  traffic  control 
restrict  ions  and  over  an  unpopulated  area.  The  aircraft  was  flown  in  a  racetrack  patters  allowing  an 
economical  clime  to  reach  operating  altitude  at  tha  spinning  point  after  ths  descent  during'  the  previous 
manoeuvre  (see  figure  4).  , 

Critical  heights  were  defined  such  that  the  anti-spin  parachute  would  be  streamed  if  the  aircraft  was 

out  of  control  at  25000  feet  (7620m)  an*  that  the  aircraft  would  be  abandoned  if  there-  were  ra  signs  of 

recovery  at  15000  feet  (4572m).  Thankfully  the  latter  criterion  was  never  approached,  but  tescue  helicopter 
cover  was  provided  during  all  teat  periods. 

Strict  weather  minimus  conditions  were  defined  for  high  angle  of  attack  testing. 

Once  departure  protection  hao  been  demonstrated,  the  anti-spin  gantry  was  renewed  and  the  requirement 
to  use  the  spinning  area  dropped.  As  a  result,  this  phase  of  testing  was  mostly  carried  out  aver  the  sea. 

Also  testing  at  lower  altitudes  was  now  permitted  in  order  to  expand  the  IAS/load-factor  envelope  tested. 

6-  SNGIN-iEBING  AoSESSHJff 

3efore  the  initial  flight  clearance  could  be  given,  extensive  simulation  and  rig  testing  were  carried 
out  to  ensure  satisfactory'  system  operation.  Also  ground  resonance  testa  were  made  to  ensure  that  the 
closure  of  the  extra  control  loop  did  not  have  unfortunate  consequences  for  the  stability  of  the  aircraft'® 
structural  modes! 

The  first  flights  with  the  3PILS  fitted  were  then  dxvoted  to  an  engineering  assessment  of  the  system. 

For  this  the  3PILS  was  powered  and  operating,  but  not  connected  to  th#  CSAS,  during-  cleaa  aircraft  spin 

testing.  The  instrumentation  was  used 'to  calculate  the  effect  that  the  SPILS  would  haw*  had,  had  it  been 
connected,  and  hence  evaluate  whether  actual  departures  would  have  been  prevented  (see  figure  5).  Thus 
confidence  was  gained  that  the  3PIL3  was  able  to  protect  against  departure  of  the  aircraft  and  was  operating 
aa  designed. 

Additionally,  the  engineering,  assessment  confirmed  that  the  in-line  monitor  thresholds  had  been  set 
correctly  to  avoid  nuisance  disconnects.  Particularly,  it  was  shown  that,  should  the  5PILS  not  prevent' 
departure  during  development  testing  it  would  disconnect  itself  automatically  due  to  the,  disparity  between 
the  two  angle  of  attack  sensors.  It  will  bs  appreciated  that  the  spin  is  a  very  high  angle  of  attack  motion 
and  thus,  if  the  .PILi  remained  engaged,  all  lateral  control  authority  would  be  loat,  preventing  application 
of  recovery  controls.  In  order  to  positively  preve.it  this,  the  pilot  we*  provided  with  an  .Instinctive  Cut 
Out  (ICO)  facility  to  disconnect  the  CCA S  aid  3PILS  if  required,  'reverting  the  tailerons  to  mechanical  control 
but -leaving  spoilers  and  rudder  under  electrical  eohtrol.  However,  the  results  of  the  engineering  assess¬ 
ment  showed  that  in  a  departure  case  the  3PELS  would  disconnect  automatically  and  no  impedance  of  the  recovery 
controla  would  occur. 

tained  from  the  in-flight  engineering  assessment  and  ground  rig. 
lith  3PIL3  engaged  wan  given.  However,  it  is  worth  .noting  that 
qin,  the  3PII3  was  monitored  during  intervening  spinning  flights, 
lent. 

7.  TESTING  .ITH  3PIL3  iNGAGES,  PARKS  1  tb  5 

The  first  flights  with  SPIL3  engaged  were  carried  out  in  the  clean  (no  stares)  configuration.  Simple 
wind-up-turns  and  slowdowns  to  full  back  stick  were  made  at  low  speed  in  each  wing  sweep  to  confirm  that 
.angle  of  attack  was  limited  to  predicted  values.  Then,  full  lateral  and  directional  control  inputs  were 
made  at  full  back  stick  to  prove  the  lateral  authority  scheduling  functions. 

Having  successfully  demonstrated  that  the,SPIL3  held,  the  aircraft  within  the  departure  boundary 
previously  identified,  testing  proceeded  to  more  vigorous  control  inputs.  These  specifically  included 
’ npu t s  which  had  been  shown  to  provoke  .departure  without  3PILS  and  included  rapid,  roll  reversals  st  full 
back  stick,  rapid  breaks  with  simultaneous  application  of  pitch  and  roll  stick,  deliberate  mishandling  at 
full  back  stick. with  c;ossad  controls,  and  rapid  pitch  inputs' (roller  coasters).  These  innuts  were 
si  nificsntly  more  brutal  than  could  be  considered  for  a  combat  aircraft  without  departure  protection. 

The  teeting  demonstrated  that  the  basic  philosophy  of  the.SPILS  daaiga  waa  eound,  efficient  AoA  limiting 
and  lateral  authority  scheduling  being  provided  (see  figure  5).  However,-  spas  weaknesses  were  exposed  in 
the  course  of  testing  which  required  the’ control  laws  to  be  modified  ia  order  to  “fine  tune"  the  performance 
of  the  o/stei  .  These  were  insufficient  pitch  axis  stability  in  response  to  very  rapid  snatches,  and 
insufficient  departure  protection  in  a  few  cases  in  response  to  gross  mishandling  of  the  controls. 


After  satisfactory  results  had  been  i 
testing,  Clearance  to  conduct  flight  teats 
even  after  the  -PIU1  engaged  testing  had  b- 
as  a  continuation  of  the  engineering  asaesi 
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As  each  successive  standard  of  GPILS  was  introduced,  the  sane  basic  set  of  control  inputs  was  repeated, 
together  with  particular  tests  designed  to  exercise  the  modifications  made  and  thus  demonstrate  their 
efficacy. 

Testing  of  the  marks  1  and  2  was. confined  to  the  clean  (no  stores)  configuration  and  was  preceded  in 
each  case  by  an  engineering  assessaent  as  described  above.  In  the  case  of  the  mark  3  however,  ..efficient 
confidence  had  been  gained  to  proceed  directly  to  testing  with  SPILS  engaged  and  gross  oishan-  ling  of  the 
controls.  Also  the  mark  3  testing  saw  the  first  assessaent  with  external  stores  fitted. 

The  non-SFILS  high  angle  of  attack  evaluation  of  Tornado  with  stores  was  based  on  two  "key"  config¬ 
urations  from  which  other  configurations  could  be  cleared  by  analogy.  The  same  philosophy  was  followed 
for  SFIL>  but  the  non-op  ILS  testing  was  required  to  be  underway  before  the  SPI1£  trial  costae  need. 

The  configurations  evaluated  were  (see  figure  6): 

a)  A  heavy'  wing  configuration  with  no  stores  undnrfuselage 
(minimum  longitudinal  stability,  aft  CG,  high  roll  inertia). 

b)  A  heavy  fuselage  configuration  with  no  stores  underving 

(minimum  directional  stability). 

The  test  manoeuvres  followed  the  pattern  established  in  clean  aircraft  testing. 

The  results  with  the  mar-.:  3  standard  were  extremely  encouraging,  departure  protection  being  demonstrated 
in  all  cases  except  when  rapid  inertially  coupled  inputs  were  made  in  the  heavy  fuselage  configuration. 

However,  on  the  18th  flight  with  this  standard,  a  large  amplitude,  undamped  pitch  oscillation  was  encountered 
during  the  recovery  from  a  test  manoeuvre.  This  resulted  in  the  suspension  of  testing  of  the  mark  3. 

Sufficiently  good  results  had  been  demonstrated,  however,  for  an  investigation  and  redesign  to  be  initiated 

aimed  at  overcoming  the  problem. 

8.  TKVESTIGATIOH  AND  REDESIGN  . 

Prior  to  the  flight  oscillation  which  caused  the  suspension  of  the  trial,  the  vast  majority  of  the 
rig  and  simulation  results  had  been  satisfactory  from  the  stability  point  of  view.  However,  some  damped 

oscillatory  b-.-haviour  had  occurred  on  the  rig  in  the  rate  limited  regime  which  had  not  been  fully  explained 

using  the  available  comnuter  models.  In  the  light  of  this  a  critical  review  of  the  system  models  was  under¬ 
taken  aimed  at  identifying  the  nature  of  the  model  behaviour  as  well  as  the  root  of  the  flight  problems  and 
hence  identifying  the  necessary  cure.  This  was  undertaken  both  at  F.BB  and  BAe  since  the  combination  of  CSAS 
and  HPIL3  had  to  be  understood  a a  well  as  the  3PILS  itself. 

It  was  quickly  shown  that  the  aerodynamic  model  wad  satisfactory  by  calculating  the  response  to  the 
flight  measured  control  angles.  An  almost  exact  match  was  obtained  so  attention  turned  to  the  modelling  of 
the  system  Usel*’.  Fortunately  the  comprehensive  instrumentation  of  the  test  aircraft  allowed  comparison 
of  computed  responses  and  flight  data  at  various  points  in  the  flight  control  system.  This  comparison 
showed  that  the  problem  lay  in  the  modelling  of  the  tailerch  actuator  characteristics.  Big  tests  were  then 
put  in  hand  to  measure  accurately  the  actuator's  response  over  a  range  of  frequencies  and  amplitudes, 
including  those  cf  the  flight  oscillation.  This  showed  that  the  gain  and  phase  of  the  actuator  were  worse 
than  predicted  theoretically,  even  allowing  for  rate  limiting.  Hence  with  SPILS  engaged  the  system 
exhibited  an  unstable  mode  resulting  in  a  limit  cycle. 

Increasingly  sophisticated  computer  models,  and  much  original  thought,  were  required  by  the  flight 
control  system  designers  before  satisfactory  modelling  of  the  inner  and  outer  loop  characteristics  of  the  . 
actuator  was  finally  accosplishsd.  The  essential  features  added  to  the  model  were  the  current  limits 
which  give  r'se  not  only  to  rate  limiting  of  the  actuator,  but  also  to  acceleration  limits  which  reduce  the 
actuator's  capability  to  reverse  direction. 

Once  the  cause  of  the  instabilities  had  been  established,  a  curs  was  designed.  This  required  the 
introduction  of  tailplane  position  feedback  into  the  pitch  rate  channel  of  the  JPILS,  This  effectively 
provides  extra  phase  advance  to  the  angle  of  attack  signal,  warning  the  system  of  large  aircraft  -response 
before  it  occurs,  hence  reducing  the  system  input.  The  new  HPIL5  standard  was  designated  the  mark  5 
(see  figure  7). 

Followitut  hardware  modification,  further  intensive  rig  tests  were  undertaken  including  attempts  to 
provoxe  instability  by  large  amplitude  stick  pumping,  abrupt  checks  end  reversals*  them*  tests  having  been 
completed  satisfactorily,  aircraft  resonance  cheeks  were  carried  out,  resulting  in  the  introduction  of  notch 
filters  in  the  pitch  rate  loop.  After  a  reteat,  the  clearance  to  flight  test  the  system  was  restored. 

9.  HIGH  AlTITUDH  Tsr.IKG.  PABK  5  SPIU 

Clearly,  the  first  object  of  the  mark  5  CPIUi  flight  trial  was  to  verify  that  the  pitch  axis  modifications 
had  been  successful.  After  progressive  pitch  stick  snatching  to  part  and  full  back  stick,  an  attempt  was 
made  to  reproduce  exactly  the  manoeuvring  which  had  led  tc  the  mark  3  oscillation.  Once  these  tesi-a  had 
been  carried  out  without  exciting  any  instability,  further  testing  included  vigorous  stick  pumping,  as  well 
as  e.  ingle  direetior  "snatch"  inputs  where  stick  rates  over  80  degress  per  second  were  achieved  la  each 
direction  without  inducing  any  kind  of  oscillation  (see  figure  8),'  Close  tracking  tasks  vers  also  examined, 
both  eir-to-alr  (egainst  a  target  aircraft ;  and  air-to-greasd.  It  was  demonstrated  that  »ir-to-str  tracking 
was  particularly  umooth  and  assy  due  to  the  eore  precise  control  of  AoA  available  sad  the  laek  ef  requirement 
to  monitor  AoA, 
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The  pitch  axis  having  been  proved,  testing  progessed  to  demonstration  of  departure  resistance  in  the 
same  "key"  stores  configurations  as  described  above.  In  addition  to  the-  manoeu*-"*  already  described,  a 
further  inertially  coupled  aanrveuvre  was  introduced.  This  involved  a  full  stick  rapia  rail  at  1g,  followed 
by  a  maximum  rate  pitch  stick  snatch  to  full  back  stick  as  the  bank  angle  passed  thri  igh  90  degrees,  the 
roll  control  being  held  on  (se»  figure  9).  By  inducing  a  rapid  AoA  increase  at  aaxra.ua  sideslip,  this 
provided  the  most  severe  test  of  the  SPILS' yet  devised,  but  in  all  cases  the  aircraft  remained  fully  under 
control. 

Additional  testing  comprised  combat  manoeuvring  sequences  to  demonstrate  that  the  core  clinical  test 
manoeuvres  were  adequate  to  allow  clearance  of  operational  manoevring  of  the  aircraft. 

The  success  of  the  SPILS  in  protecting  the  aircraft  against  departure, while  allowing  improved 
manoeuvrability  over  the  non-SPILS  aircraft  is  seen  by  comparing  the  achieved  SPILS  envelope  in  sll  test 
manoeuvres  with  the  departure  points  established  in  the  non- SPILS  testing,  and  the  numerical  AoA  limits 
required  without  SPILS  (see  figure  10),  It  is  also  worth  noting  that  some  manoeuvres  which  are  quite  safe 
to  fly  with  the  SPILS  could  not  even  be  considered  in  an  unprotected  aircraft  -  allowing  the  Tornado  pilot 
extra  combat  flexibility. 

10.  LOW  ALTITPDE  TESTING  -  HARK  5  SPILS 

The  final  stage  of  the  flight  trial  required  removal  of  the  anti-spin  devices  and  thus  could  not  be 
attempted  until  departure  protection  had  been  proved.  This  testing  progressed  to  lower  altitudes  and 
higher  airspeeds  than  had  been  possible  hitherto. 

This  phase  posed  special  clearance  problems  since  it  required  rapid  rolling  at  angles  of  attack  above 
those  normally  cleared,  and  at  airspeeds  higher  than  had  been  achieved  previously  at  high  foa.  Effectively, 
the  flight  envelope  was  to  be  extended  in  several  directions  at  once  (see.  figure  11). 

The  solution  to  the  problem  of  clearance  to  test  was'  the  production  of  acceptable  loads  boundaries  in 
terms  of  handling  parameters  which  could  be  measured  -  for  example,  AoA,  sideslip,  control  surface  angles, 

IAS  (figure  12).  Provided  the  parameters  remained  within  the  defined  boundaries,  the  loads  must  have  been 
satisfactory. 

Prediction  of  aircraft  responses  to  representative  control  inputs  was  then  carried  out  using  at  6  degree- 
of-freedoa  computer  model.  The  responses  were  monitored  against  the  loads  boundaries,  giving  confidence 
that  the  manoeuvres  could  be  attempted  in  flight  without  endangering  the  aircraft. 

It  was  then  arranged  to  monitor  the  moat  critical  boundaries  in  real  time  in  telemetry  using  specially 
installed  displays.  Hence  if  it  was  aurpected  that  the  aircraft  had  been  overstressed,  testing  could  be 
aborted  immediately  and  the  aircraft  returned  to  base  for  inspection.  In  the  event,  no  inspections  were 
ever  required. 

In  flight.,  some  check  manoeuvres  were  first  carried  out  at  high  altitude  to  verify  that  the  anti-spin 
gantry  had  not  materially  affected  previous  results.  Then  a  progressive  work  down  to  low  altitude  was 
carried  out.  This  followed  the  pattern  established  during  previous  phs»ts  although  the  pilot's  workload 
was  now  increased  by  the  requirement  to  monitor  load  factor. 

Since  departure  protection  had  now  been  established,  additional  stores  configurations  were  introduced 
in  this  phase.  These  were  more  representative  of  (hose  seen  oporat ionally  and  ranged  frc?>  a  light  air-to- 
air  combat  configuration  to  a  heavy  ground  attack  configuration, including  eight  10001b  (4=**  kg)  boobs. 
Departure  free  handling  was  demonstrated  in  all  cases. 

11.  CONCLUSIONS 

.  J- 

The  major  lesson  of  the  SPILS  development  trial  is  that,  while  flight  testing  is  essential,  irs 
risks  and  expense  can  be  ainiaised  by  demanding  complete  understanding  of  the  design  and  rig  test  results 
beforehand.  This  requires  a.  clear  understanding  of  the  total  flight  control  system  design  and  the 
implications  of  hardware  characteristics. 

Designers  must  also  be  aware  that  pilots  will,  quite  rightly,  take  full  advantage  of  any  capability 
increaae  offered.  Thus,  systems  such  as  SPILS  oust  os  designed  with  extreme  inputs  in  mind  and  must  be 
tested  to  the  limits  of  their  capability  before  being  released  to  Service. 

The- final  lesson  is  that  when  a  high  risk  trial  is  undertaken,  the  targets  of  testing  aircraft  and 
syatems  to  their  limits, while  minimising  the  risks  to  aircrew  end  aircraft,can  only  be  achieved  by  taking 
special  care  with  test  procedures  and  monitoring.  Proper  consideration  must  be  given  to  the  best  use  of 
tne  telemetry  facilities  available  end  extensive  training  must  be  given  to  aircrew  and  groundcrew.  It  is 
worth  noting  that  the  Tornado  SPILS  and  spinning  trials  were  carried  out  over  s  period  of  3  years,  requiring 
75  SPILS  and  100  non-SPILS  flights.  During  that  time  the  required  data  was  gathered  without  any  damage  to 
the  aircraft. 

The  successful  conclusion  of  this  difficult  flight  trial  means  that  the  Koyal  Air  Force  is  now 
receiving  its  first  aircraft  type  with  automatic  spin  protection,  and  aircraft  for  tha  German  and  Italian 
Air  Forces  will  soon  follow. 
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ABSTRACT 

The  ^implementation  of  USAF-  Stal 1/Post-stall/Spin  Flight  Test  Demonstration 
Specification,  MIL-S-83691,  in  the  early  1970  s,  introduced  major  changes  to  the 
techniques  used  at  the  AFFTC  in  lest  and  evaluation  of  maneuver ing-type  military  aircraft 
near  stall/departure  angles  of  attack. ^  The  basic  objectives  of  each  high  ADA  flight 
test  program  since  that  timeA.have  been  the  determination  of  departure  characteristics 
and  the  development  of  methods  for  departure  prevention  and  spin  avoidance.  Along  with 
the  emphasis  on  departure  prevention  came  increased  attention  to  flight  dynamic 

prediction  methods  and  an  increased  grtllizatiory.  of  open-loop  and  pi lot- in- the- loop 
simulations  which  are  continually  updated  to  stay  abreast  of  the  flight  test  program 
and  to  assist  in  flight  planning.  The  highly  nonlinear  and  complex  nature  of  aircraft  / 

dynamic  behavior  at  high  -angles  of,  attack Tcoupled  with  poorly  understood  aerodynamics  — . 

has  made  this  task  difficult. at  best!*  One  additional  factor  that  aggravates  the  problem 
of  correlating  flight  test  results,  with  wind  tunnel  and  simulator  predictions  is  that 
airspeed,  angle  of  attack-  and  anqle  of  sideslip,  measured  onboard  the  flight  test 
aircraft  by  means  of  noseboom  pitot-static  and  vane  sensors,  yield  erroneous  ar.d 
misleading  information  at  high  a«g le-of-attaefc / State-of-the-art  inertial  navigation 
systems,  however,  have  recently  provided  a  tool  to  accurately  determine  these  parameter 
values  and  to  do  a  considerably  better  ’ob  of  correlating  flight  test  results  with 
predictions,  and  thus  allow1  improved  estimates  of  aircraft  dynamic  characteristics  at 
.•wire  adverse  flight  conditions.^-  Even  though  more  sophisticated  prediction  and  analysis 
methods  are  being  continually  sought,  the  development  flight  test  program  and  especially 
the  test  pilot  continue  to  be  the  key  elements  in  synthesising  the  final  aircraft/ fl ight 
control  system  configuration  with  optimized  operating  procedures  to  get  the  best 
performance  from  the  man-machine  system  under  combat  conditions.  Tbday's  properly 
structured  development  flight  test  program  follows  a  safe  and  efficient  -buildup  approach 
with  concurrent  simulation  efforts  to  assist  in  flight  planning.  It  has  built-in 
flexibility  to  allow  pursuit  of  an  alternate  course  of  action  from  that  which  was 
originally  planned  if  fliqht  test  and  simulation  results  indicate  the  need.  It  also 
includes  operational-type  maneuvers  to  provide  the  test  pilot  with  an  insight  as  to  how 
the  aircraft  will  perform  the  operational  task.  This  paper  will  take  a  brief  look  at 
the  principles  that  guided  the  development  of  MIL-S-83691  and  at  how  recent  flight  test 
experiences  at  the  AFFTC  have  modified  and  expanded  upon  those  ideas  over  the  past 
decade. 

INTRODUCTION 

In  the  thirteen-year  period  since  * he  publication  of  MIL-S-83691  on  31  March  1971, 
the  united  States  Air  Force  has  conducted  approximately  sixteen  high  angle-of-attack 
(AOAJ  flight  test  programs  on  four  different  series  of  fighter-attack  aircraft  at  the 
Air  Force  Flight  Test  Center  (AFFTC),  Edwards  Air  Force  pase,  California.  The  basic 
objectives  of  each  one  of  those  programs  have  emphasized  the  determination  of  departure 

characteristics  and  the  development  of  methods  for _ departure  prevention  and  spin 

avoidance.  The  physical  nature  of  these  methods  took  many  forms i 

A.  Limiters  designed  into  the  aircraft  flight  control  system  to  automatically 
nrevent  the  pilot  from  maneuvering  the  aircraft  into  a  departure/spin  suscep¬ 
tible  region  of  the  flight  envelope. 

8.  Modifications  to  the  fl.ight  control  system  to  automatically  apply  to  the  proper 
controls  to  recover  the  aircraft  from  an  out-of-control  condition. 

C.  Aerodynamic  modifications  to  the  aircraft  to  prevent  departure  in  an  otherwise 
useable  portion  of  the  flight  envelopie. 

D.  Aerodynamic  mod i f icat ions  to  the  .aircraft  to  Improve  its  out-of-oontrol 
rharac ter l.st les  and  *o  facilitate  a  more  rapid  return  to  controlled  flight. 

E.  Development  of  flight  manual  l tmitnt tons  and  out-of-controi  recovery  procedures 
that  reduce  the  probability  that  an  unrecoverable  departure  and  spin  wilt  be 
encountered. 

At.  about  the  same  period  of  time  that  MtL-5-83691  was  being  written  and  published, 

•he 'United  .states  Air  Fore#  was  enter  ing  into  a  new  era  of  weapxin  system  development 
and  test  ,pol icy.  This  pol icy,  directed  by  Air  Force  Regulation  80-14,  specified  that 
all  military  development  test  programs  would  be  jointly  conducted.  The  joint  test 
approach  was  not  unique  to  high  AOA  resting,  but,  it  did  provide  the  necessary  impetus’, 
for  the  implementation  and  application  of  the  prjjic-i pies  of  MIL-S-83691  ,  With  the  AFFTC 
as  the  responsible  test  organization  and  wltTC  the  ueinq  command  and  the  airframe  and 
engine  contractor*  as  p>4t t ic t pant s.  Air  Force  personnel  became  deeply  Involved  in  the 
initial  test  planning  efforts  of,  (1)  defining  the  engineering  parameters • to  be  measured 
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or.  i  the  ir.str aser.tat ion  hardware  to  be  used,  (2)  writing  the  detailed  test,  plan  that 
:eftr.ed  the  test  Maneuvers,  anJ  (31.  developing  the  data  r  ocessing  arid  jtnaiysis  methods 
that  were  to  be  used  to  report  the  test  results  and  convey  the  proper  —essage  to  the 
operational  pilots.  The  joint  test  team  concept  served  to  minimize  duplication  of 
effort  wniie  assuring  that  the  contractor  collected  sufficient  iata  to-  demonstrate 
specification  compliance  and. the  Air  Force  retained  an  operational  perspective  on  the 
test  results.  Air  Force  involvement  also  assured  that  corporate  'snc.-wie-.ige  was  being 
passed  on  from  one  test  program  to  the  next  to  avoia  rediscovering:  aid  mistakes. 

TEST  PiAN'SIN'b 

The  T'SAF  demonstration'  specification  MIL-S-83691  is  demanding  in  its  objectives; 
there  is  a  desire  to  determine  all  warning,  recognition,  and  recovery  characteristics 
of  real  and  apparent  out-of-control  situations  and  make  recommendations  most  beneficial 
to  the  user.  The  specification  is  iesigned  to  be  a  guide  for  planning  a  stall /'post- 
stall  spin  test  program,'  and  there  is  sufficient  flexibility  in  the  four  test  phases  to 
achieve  these  goals  through  logical  test  progression.  In  test  phase  A,  recovery  is 
initiated  as  soon  as  the  pilot  has  a  positive  indication  of  a.  stall  (per  the  MIL-F- 
37A5C  iefimtion  of  stall).  ■  In  test  phase  3,  ah  attempt  is  made . to  aggravate  the  stall 
ny  misapplying  control  incuts  immediately  upoi  recognition  of  the  stall.  In  test  phase 
7,  the  effects  of  delays  m  applying  proper  recovery  controls  as  well  as  improper 
control  inputs  are  tested.  If  no  out-of-control  motions  have  occurred  by. this  time, 
te»t  phase  D  is  included  tc  provide  for  attempts  to  force  the  aircraft:  into  an  out-of¬ 
control  condition. 

It  is  neither  feasible  nor  iesireable  to  plan  a  flight  test  program  to  demonstrate 
every  possible  airplane/ flight  control  system  configuration  (including  failure  cases)  at' 
every  set  of  entry  conditions  with  all  possible  combinations  and  permutations  of  control 
inputs,  etc.  It  is  rather  the  task  of  the  flight  test  engineer  to  define  and  test 
those  conditions  that  are  most  likely  to  exhibit  the  entire  spectrum  of  modes  and 
motions  that  the  aircraft  may  encounter  during  its  operational  use.  The  intelligence 
with  which  to  hake  these  initial  decisions  must,  by  necessity,  come  from .  predictive 
studies  performed  usi.i^  the  results  of  static  wind  tunnel  tests,  rotary  balance  tests, 
free-f light  model  tests,  spin  tunnel  ,test3,  and  finally  simulations.  It  cannot  be 
overemphasized,  however,  that  extreme  caution  must  be  exercised  in  interpreting  the 
resuitu  of  these  studies.  Predictive  studies  of  one  particular  'kind  cannot  be  analyzed 
independently  from  the  results  of  the  others  and  must  be  cross-checked  repeatedly. 
Conversely,  the  results  of  one  study  should  never  be  completely  discounted  because  it 
did  not  agree  with  the  results  of  the  other  studies.  Each  predictive  study  is  of  value 
only  m  proportion  to  its  contribution  to  meeting  a  development  or  test  objective  and 
must  be  weighted  according  to  the  assumptions  and  limitations  of  the  study  in  order  to 
size  and  direct  the  flight  test  plan.  There  have  been  instances  where  flight  test 
results  were  precisely  opposite  to  the  prediction,  not  because  the  predictive  method 
was  invalid,  but,  because  it  did  not  follow  ground  rules  used  in  performing  the  flight 
tests  or  in  analysing  their  results. 

when  writing  the  high  AO  A  test  plan,  de  l  iberat  iora  as  to  the  order  of  test  points, 
the  types  of  recovery  techniques  to  be  evaluated,  and  the  hazard  factors  believed 'to  be 
characteristic  to  the  particular  airplane  probably  receives  the  most  attention.  Flight 
test  personnel  do  not  necessarily  have  an  easy  time  projecting  dynamic  behavior  and 
recovery  capability  of  the  full-scale  airplane  from  the  predictive  studies,  however. 
This  can  be  an  uncomfortable  situation  since  a  degree,  of  precision  .is  needed  when 
allocating  time,  manpower,  physical  resources,  and  funds  to  a  flight  test  program. 
Consequent ly ,  the  test  plan  should  be  as  flexibie  as  possible,  incorporating,  dec  is ion 
points  where  the  pr  gram  could  chance  in  scope  and  direction  pending  initial  results. 

,  The  first  three  test  phases  of  MIL-S-83691  do  not  require  any  given  mode  of  aircraft 
motion  after  the  entry  conditions  are  achieved;  rather  these  are 1  phases,  of  discovering 
what  the  airplane  does  under  increasingly  adverse  flight  conditions.  A  number  of  flight 
test  experiences  have  verified  that  [>ost-stall  motions  do  not  always  conform  to  preflight 
desires  or  expectations,  resulting  in  delayed  or  improperly  applied  recovery  controls 
being  applied  by  the  pilot.  The  hazards  of  these  pcasibLities  can  be  minimized  by 
adequate  pre-test  planning  with  the  aid  of  pi lot-in-th#-loop  simulation..  Here  aqain, 
it  is  essential  that  the  limitations  and  assumptions  of  the  simulation  are  clearly 
understood  before  n  level  of  confidence  can  be  established  for  the  results.  It  is  at 
►his  point  where  The  test  pilots  who  are  acutally  going  to  fly  the  test  aircraft  come 
into  the  picture.  Their  operational  experience  is  invaluable  in' determining  which  test 
maneuvers  and  which  subsequent  recovery  procedure#  should  be  carried  into  the  flight  test 
program.  Out  of  these,  tests  will  also  come  the  Initial  trend  charts  summarizing  the 
simulator  results  of  the  recommended  flight  test  maneuvers  and  wbi'ch  will  eventually  be 
used  in  following  the  progress  of  and  directing  the  flight  tests. 

The  high  AOA  flight  test  vehicle  is  an  expensive,  one-of-a-kind  item  for  a  once- 
only  (hopefully)  test  program.  with  special  cockpit  displays  and.  full  flying  qualities 
and  propulsion  system  .data  recording  and  telemetry,  and  onboard  film  or  video  cameras, 
it  is  evident  that  these  test  modification#  must  be  done  carefully  so  that  their  effect 
on  aircraft  flight  characteristics  are  minimal.  With  some  aircraft  test  installations', 
these  effects  may  be • d t f f leu l t  to  predict  (e.g,,  test  noaeboom  and  spin  recovery  chute 
installations),  so,  provisions  for  dolnq  wind  tunnel,  tests  and/or  flight  tests  with  and 
without  these  items  installed  may  be  necessary.  l’hotoqraph  J.C  documentation  of  the  high 
AOA  flight  tests  Is  extremely  important.  The  onboard  and  grourtd-basad  cameras  that 
servs  to  document  aircraft  motion'  ars  operated  at  a  trus-tlms  'frams  rate  allowing 


production  of  briefing  and  training  films  from  the  test  documentary  collection  with 
minimal  effort  and  los3  of  quality.  A  cockpit  camera  with  over-the-shoulder  field 
of  view  provides  a  pilots-eye  view  of  the  aircraft  motions. 

Ihe  flight  test  plan  is  a  key  document  which  describes  in  detail  the  testing' that 
is  to  be  done  and  directly  impacts  mission  accomplishment,  program  objectives,  safety 
and  expenditure  of  resources.  Any  agency  conducting  tests  at  the  AFFTC  utilizing  AFFTC 
resources  must  have  a  test  plan  approved  by  the  AFFTC  Commander  before  testing  can 
begin. 

A  thorough  technical  review  of  each  test  plan  or  major  revision  to  an  existing 
test  plan  is  required  by  AFFTC  Regulation  30-1  to  insure  adequate  planning  and  prepara¬ 
tion.  If  appropriate,  a  technical  review  board,  set  up  by  the  office,  of  primary  respons¬ 
ibility  for  the  test,  will  conduct  the  technical  review.  The  project  manager, 
engineering,  and  test  operations  personnel  responsible  for  conducting  and  supporting 
the  test  program  participate  in  the  review.  The  test  force  director  or  project  manager 
is  responsible  for  ensuring  that  the  test  plan  is  prepared  and  submitted  for  review  in 
time  to  meet  program  requirements.  The  technical  review  board,  through  discussions 
with  the  individuals  who  prepared  the  plan,  evaluates  the  requirement  for  the  test, 
addresses  the  test  objectives,  ensures  that  the  overall  approach  relates  to  the 
objectives,  evaluates  the  technical  adequacy  of  the  plan  and  verifies  that  the  objectives 
can  be  met  effectively  with  acceptable  risks  and  minimum  expenditure  of  resources. 
Individuals  assigned  to  the  technical  review  board  are  chosen  on  the  basis  of  their 
expertise.  This  expertise  should  be  broad  enough  to  critically  review  all  aspects  of 
the  planned  tests. 

A  safety  review  of  all  tests  requiring  the  u3e  of  AFFTC  resources  is  also  required, 
and  is  covered  by  AFFTC  Regulation  127-3.  The  purpose  of  the  safety  review  is  to:  (1) 
identify  hazards  generated  by  each  test1  and  ensure  adequate  action  is  taken  to  eliminate 
or  control  these  hazards  to  an  acceptable  level  of  risk:  (2)  ensure  a  thorough  and 
impartial  review  of  the  safety  aspects  of  test  activities  which  involve  AFFTC  personnel, 
aircraft,  ranges,  or  airspace?  and  (3)  advise  the  AFFTC  Commander  and  other  responsible 
supervisors  and  agencies  of  the  degree  of  risk  that  the  planned  testing  will  present. 
Safety  review  board  members  are  normally  selected  from  supervisory  positions  within 
test  operations  and  engineering  agencies  having  project  responsibilities.  They  should 
have  project  familiarity,  but,  without  sufficient  project  involvement  to  present  a 
personal  conflict  of  interest.  During  the  safety  review  meeting,  the  designated  project 
personnel  present  the  test  plan  objectives,  proposed  tests,  and  test  methods  to  the 
safety  review  board.  The  safety  review  board  establishes  any  open  items  that  must  be 
resolved  before  testing  can  begin,  identifies  additional  proced  >-es  to  enhance  test 
safety,  and  assigns  risk  levels  to  .the  tests.  Following  the  sa.ety  review,  the  test 
plan,  minutes  of  the  technical  review  meeting,  minutes  of  the  safety  review  meeting, 
and  a  final  operational  hazard  analysis  are  prepared  and  briefed  to  the  AFFTC  Commander 
for  his  approval. 

TEST  CONDUCT 

Stall/spin  training  for  the  test  pilots  involved  is  the  test  agencies  first  active 
flying  step  in  the  conduct  of  the  actual  high  AOA  flight  test  program  itself.  '  While 
it  is  desirable  to  select  a  training  aircraft  for  its  similarity  in  control  applications 
and  sequence  to  those  predicted  for  the  st  aircraft,  the  primary  purpose  of  the 
training  is  to  subject  the  pilots  to  the  out-of-control  or  spinning  environment  in  as 
many  types  of  aircraft  as  possible.  This  variety  of  experience  enhances  the  pilots 
■ability  to  cope  with  any  situation  which  could  arise  while  testing  an  aircraft  with 
undefined  out-of-control  characteristics.  When  possible,  however,  the  training  is, 
concluded  with  the  aircraft  which  has  recovery  techniques  most  similar  to  those  predicted 
'for  the  test  aircraft.  Obviously,  each  •  pilot  uses  this  valuable  training  time  to 

increase  his  proficiency  in  observing  departure  and  spin  motions  as  well  as  in  manipu¬ 
lating  the  aircraft  controls  in  the  correct  sequence.  Also,  he  reevaluates  his 
procedures  and  preferences  for  tightness  of  pilot,  restraints,  for  seat  and ■ rudder  pedal 
ad  just/nent,  and  relates  each  one  of  these  to  what  will  be  required  in  the  test,  aircraft. 
While  performing  this  train4  g,  the  test  pilot  also  considers'  his  requirement  for  a 
command-and-response  checklist  to  be  used  in  the  test  aircraft.  The  items  to  be  listed 
are  considered  very'  carefully  and  limited  to  those  which  are  essential  steps  to  be 
accomplished  befo’-e  and  after  each  maneuver.  Items  that  go  on  this  checklist  include 
'such  things  as  emergency  systems  checks  and  tost  data  management  actions. 

Several  test  aircraft  flights  are  initially  required  ,tO  qualify  systems  unique  to 
the  high  AOA  flight  testing.  Antispin  chute  system  qua l if icat ion  is  always  done  on  the 
test  aircraft  after  instal l at  ion.  Static  deployment’s  are  done  on  the  ramp  initially  to 
check  the  functional  operation  of  the  sytem  foi lowed  usually  by  a  low  rpeed  deployment 
during  a  taxi  test  at  approximately  100  knots  on  the  runway.  Finally,  at  least  one'  in¬ 
flight  deployment  is  accomplished  near  the  maximum  dynamic  pressure  .condition  for  the 
chute  to  check  the  system  deployment  and  release  characteristics  under  actual  flight 
conditions.  Recovery  of  the  ^est  aircraft  using  emergency  backup  systems  are  also  done 
when  practical  to  determine  any  in-flight  operating  restrictions  and  allow  development 
of  emergency  recovery  patterns  and  procedures.  Training  for  eng ine- f lameout  landings 
is  also  accomplished  i.i  the  test  aircraft  at  this  time.  Tills  f lameout  tanding  practice 
is  initiated  from  locations,  altitudes,  and  airspeeds  which  are  lepresentative  of  the 
worst  conditions  which  .could  be  encountered  during  the  actual  high. AOA  tests. 


These  flights  also  present  an  opportunity  to  link  together  all  of  the  support 
required  to  conduct  the  high  AOA '  test  flights  and  to  provide  familiarization  for  the 
test  pilots,  ground  support  personnel,  and  chase  crews  if  applicable,  on  what  will  he 
expected  of  them.  The  test  pilot  is  able  to  work  out  procedures  to  be  followed  in 
setting  up  ar.d  performing  the  test  maneuvers.  Actual  data  cards  are  checked  for 
completeness,  simplicity  and  accuracy.  Flying  actual  mission  profiles’ determine  pilot 
workload.  The  controllers  in  the  ground  tracking  stations  are  able  to  practice 
positioning  the  test  aircra'-:  in  the  proper  airspace.  Different  headings  ;nto  the  spin 
area  are  tried  to  determin  the  nest  telemetry  reception  and  sun  angle  for  ground  and 
airborne  chase  photographs:  as  applicable.  The  duties  and  responisoil  i-ties  of  mission 

control  room  personnel  in  onitoring  the  *-est  proceedings  are  also  worked  out  during 
these  flights.  Key  personnel  develop  procedures  and  select  their  operating  locations 
so  that  they  will  have  the  proper  real  time  data  available'to  assist  the  test  pilot  in 
the  conduct  of  the  tests  and  provide  aid  in  making  stop-or-cootinue  decisions. 

During  the  conduct  of  iach  of  the  sixteen  high  AOA  test  programs  at  the  ArFTC,  the 
test  maneuvers  performed  on  those  aircraft  that  employed  the  conventional  stick  and 
'rudder  pedal  controls,  were  very  similar.  They  were  performed  in  order  of  severity 
beginning  with  very  benign  maneuvers  designed  to  gather  quantitative  stability  and 
control  data  and  progressed  to  more  aggressive  maneuvers  which  employed  larqe  and 
sustained  control  inputs,  both  coordinated  and  aggravated.  Finally,  operational-type 
maneuvers  were  performed  that  incorporated  one  or  more  of  the  previous  manuevers  into 
a  tactical'  scenario  to  evaluate  the  operational  significance  of  *'he  demonstrated 
characteristics.  These  maneuvers  aided  in  the  establishment,  of  any  flight  manual 
restrictions  that  might  be  necessary  and  in  developing  unusual  attitude  recovery 
procedures.  A  list  of  representative  test  maneuvers  are,  in  order: 

A.  One-g  deceleration  to  maximum  AOA.'  Maximum  AOA  is  defined'  a®  the  maximum  for 
controlled  flight  or  the  maximum  permitted  by  the  flight,  control  system. 

B.  Pitch,  yaw,  and  roll  doublets  performed  at  one-g  in  even  increments  '  of  AOA  up 
to  maximum. 

C.  Wings  level  sideslips  performed  3lowly  to  full  rudder  deflection  or ' loss  of 
control  at  one-g  in  even  increments  of  AOA  up  to  maximum. 

0.  Windup  turn  performed  by  slowly  increasing  g,  to  maximum  AOA  at  constant  Mach. 

E. ‘  Pitch,  yaw,  and  roll  doublets  performed  at  even  increments  of  AOA  up  to  maximum 

at  constant  Mach  and  elevated-g. 

F.  Gonstant-bank  sideslip  performed  slowly  to  full  rudder  deflection  out  of  the 
turn  or  to  loss  of  control  at  even  increments  of  AOA  up  to  maximum  at  constant 
Mach  and  elevated-g. 

G.  COnstant-g  decelerating  turn  to  maximum  AOA  in  a  level  turn  at  2  or  3  g-levels  to 

maximum  g.  . 

H.  Roll  briskly  to  90  degrees' bank  followed  by  abrupt  full  aft  stick,  application 
to  achieve  maximum  AOA. 

I.  360-degree  rolls  at  one-g  in  even  increments  of  AOA  up  to  maximum. 

J.  360-degree  or  180-degree  rolls  at  elevated-g  lii  even  increments  of  AOA  up  to 
maximum  at  constant  Mach. 

K.  Elevated  pitch-attitude  decelerations  to  maximum  attainable  AOA  at,  2  or  3  pitch 
attitudes  up  to  90  degrees. 

L.  Negat'ive-g  (180  degrees  bank)  deceleration  ,to  maximum  negative  AOA. 

M.  Aggravated  single-  and  multiple-control  inputs  at  maximum  AOA  for  up  'to  15 
seconds  duration  (Phase  D,  MIL-S-8369 1 )  . 

Y.  TSc^’cal  maneuver s/unusua 1  attitude  recoveries. 

TYPICAL  TEST  RESULTS 

As  previously  stated,  trend  charts,  summarizing  the  results  of  simulator  predic¬ 
tions  end  supplemented  with  the  results  of  flight  tests  as  each  manuever  is  flown,  play 
a  critically  Important  role  in  guiding  the  progress  of  today's  high  AOA  flight  test 
program.  MIL-G-8.3691  def  ines  .departure  as  "the  event  in  the  poet-stall  f  ght  regime 
whtc.i  precipitates  entry  into  a  post-stall  gyration,  spin,  or  deep-stall  condition. 
The  departure  may  be  characterized  by  divergent,  large-amplitude,  uncomraanded  aircraft 
motions  such  as  a  nose-slice  or  pitch-up.  Departure  is  synonomoue  with  complete '  loss 
of  control."  The  deqree  of  suscept ibil ity  .  of  a  modern,  highly-maneuverable,  fighter 
aircraft  to  departure  and  spins  depends  on  its’  roll-coupling  characteristics  more  than 
any  other  single  factor.  The  following  equations  are  useful .  for  explanation  of  high 
AOA  roll  coupling  characteristics: 

q  -  pr(  Iz-I,x)/Iy  t'(r2-p2)lXJ6/l  *■  ( P+qr )  I  /i  «■  {  r-pq)  I  '/I ' 
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Of  primary  impo:  .unce  during  high  AOA  rolling  maneuvers,  from  a  departure 
susceptibility  standpoint,  is  inertial  coupling  and  kinematic  coupling  into  the  pitch 
or  yaw  axis.  The  primary  inertial  coupling  term  in  the  pitch  axis  is  pr(Iz~I^)/Iy  of 
equation  (1)  referred  to  her <*  as  the  inertial  pitch  acceleration.  All  other  inertial 
tc;"r.«  of  equation  (1)  are  insignificant  for  a  symmetrically  loaded  aircraft  because  of 
extremely  small  products  of  inertia  and  engine  rotating  inertia.  A  coordinated  roll  in 
either  direction  causes  a  nose-up  contribution  to  pitch  acceleration  with  a  body-loaded 
ma»s  distribution,  and  must  be  counteracted  with  an  aerodynamic  moment.  Similarly,  the 
primary  inertial  coupling  term  in  the  yaw  axis  is  pq(Ix-ly)/Iz  of  equation  (2)  referred 
to  here  as  the  inertial  yaw  acceleration.  Again,  all  other  inertial  terms  of  equation 
(,.)  are  insignificant  for  a  symmetrically  loaded  aircraft.  The  inertial  yaw  acceleration 
term  causes  a  moment  opposite  to  the  direction  of  roll  and  results  in  an  adverse  sideslip 
contribution.  in  k:nematic  coupling,  the  -(p-8sina)tan8/cosa  term  of  equation  (3) 
results  in  a  positive  a  contribution  when  rolling  with  proverse  sideslip  and  a  riegative 
contribution  when  rolling  with  adverse  sideslip.  Therefore,  sideslip  angle  directly 
affects  longitudinal  characteristics  during  rolling  maneuvers.  Equation  (4)  shows  that 
the  primary  kinematic  coupling  term  is  p  sina  -r  cosa.  The  8  .kinematic  coupling 

characteristics  result  primarily  from  a  balance  between  roll  rate  and  yaw  rate. 

Figures  1  and  2  show  typical  trend  charts  that  have  been  developed  to  summarixe 
the  characteristics  of  an  aircraft  that  had  a  tendency  to  depart  longitudinally  during 
rolling  maneuvers  both  At  one-g  and -at  tlevated-g.  Roll-coupled  departure  trends  could 
be  plotted  from  simulator  tests  and  compared  with  flight  test  results  as  the  maneuvers 
were  being  flown  to  predict,  with  reasonable  certainty,  when  a  departure  was  likely  to 
occur.  •  A3 .  the  flight  teats  progressed  from  rolls  at  benign  condition*  to  the  more 
adverse  conditions  in  a  buildup  fashion,  trends  were  usually  very  evident.  The  plotted 
flight  test  data  in  figure  l  show  that  rolls  initiated  at  increasing  trim  angles  of 
attack  produced,  in  this  case,  a  relatively  constant  nose-down  stabilator  increment  and 
angle  of  attack  overshoot  from  trim  '  conditions  up  un^.il  control  surface  saturation 
occurred.  Beyond  that  point,  angle  of  attack  overshoots  began  to  increase  because  of  the 
unbalanced  inertial  pitching  moment.  The  simulator  results,  though  not  plotted,  showed 
the  same  trends.  In  figure  1,  it  should  also  be  pointed  out,  three  maneuvers  were 
flown  where  full  rudder  deflection  was  applied  in  the  diraction  of  the  roll.  This  was' 
not  an  advisable  thing  to  do,  as  it  turned  out,  because  the  increased  proverse  sideslip 

and  increased  yaw  rate  produced  by  the  rudder  inputs  aggravate."  the  roll  coupling  and 

resulted  in  stabilator  saturation  at '  a  lower  angle  of  attack  and  increased  angle  of 
attack  overshoots.  It  is  also  interesting  to  point  out  that  no  improvement  in  roll 
rate  was  -chieved  by  the  application  of  rudder.  Figure  2  shows  trends  with  rolls 
initiated  at  full  aft  stick  and  increasing  trim  airspeed  conditions.  The  worst  condition 
in  this  case  was  at  approximately  250  knots  indicated  airspeed  and  was  less  severe 
above  and  below  that.  The  same  adverse  trends  are  evident  with  the  application  of 
rudder  during  a  roll  at  the  worst  case  conditions.  The  fact  that,  the  worst  case 
condition  would  be  at  the  250-knot  point  was  predicted  by  the  simulator  and  was  due  to 
the  flight  control  system  design. 

The  inertial  effect  of  wing-mounted  stores  resulted  in  a  degradation  of  roll-coupled 
departure  resistance  for  the  aircraft  mentioned  ' above.  Inertial  pitch '  acceleration 
was  not  increased  since  the  inertia  ratio  (I£-Ix3/Iy  of  equation  (11  was  essentially 
unchanged  with  the  addition  of  wing-mounted  stores1  and  the  maximum  roll  rates  were 
decreased  over  those  with  no  wing-mounted  stores.  Kinematic  coupling,  however,  was 
significantly  affected.  wing-mounted  stores  increased  the  roll  inertia  more  than  the 
yaw  inertia;  therefore,  roll  acceleration  was  reduced  proportionally  more  than  the  yaw 
acceleration.  The  resulting  change  in  the  balance  '  between  roll  rat*  and  yaw  rate 
resulted  in  less  adverse  (or  even  proverse)  sideslip  buildup  per  the  p  sina  -  r  cosa 
term  of  equation  (4).  Also  contributing  to  the  tendency  toward  less  adverse  sideslip 
was  a  decrease  in  the  inertial  yaw  acceleration  due  to  a  significant  decrease  in  the 
inertia  ratio  (tx-Iy)/Iz  of  equation  (2).  This  ‘reduced  adverse  (or  more  proverse) 
sideslip  characteristic  of  loadings  with  wing-mounted  stores  resuitsd  in  the  kinematic 
coupling  term  -( p-sslna) tans/cosa  being  less  negative  (or  even  positive).  Therefore, 
the  effect  of  wing-mounted  stores'  was  an  increased  tendency  for  angle  ot  attack  to 
overshoot  during  rolling  maneuvers  and  thus  a  requirement  Cor  more  nose-down  aerodynamic 
moment  to  maintain  anql*  of  attack  within  satisfactory  bounds. 

Asymmetric  store  loadings  also  reduced  the  aircraft's  tesistance  to  .roll-coupled 
departure,  especially  for  rolls  performed  ..In  the  direction  away  from  the  heavy  wing. 
The  decrees*  In  coil-coupled  departure  resistance  was  due  primarily  to  kinematic  coupling 
effects.  Trim  requirements  to'  balance  asyimtetriee  in  roll  and  yaw  resulted'  in  a  sideslip 
anqle  with  the  heavy  wing  into, ,  the  wind.  Roils  performed  away  from  the  heavy  wing, 
therefore,  were  initiated  with  a  .preestablished  proverse  sideslip  angle,  while  rolls 
Into  the  heavy  wing  had  .a  preestablished  adverse  sideslip  angle.  The  a  kinematic 


coupling  term  was  less  negative  (or  more  positive)  for  rolls  away  from  the  neavy  wing 
and  more  negative  for  rolls  into  the  heavy  wing  when  ..ompared  with  symmetric  loadings. 
Therefore,  rolls  away  from  the  he  vy  wing  were  more  critical  due  to  kinematic  coupling. 

Even  without  the  aircraft  being  trimmed  nth  the  preestablished  sideslip  mentioned 

above,  the  tendency  toward  les3  adverse  (or  more  proverse)  sideslip  during  rolls  away 
from  the  heavy,  wind  would  still  occur.  The  inertial  yawing  moment  due  to  the  product 
of  inertia  terms  (p~-q2 ) I x  / I _  and  (q-pr)I  2/l2  become  significant  and  produce  increased 
yaw  acceleration  in  'the  direction  away  from  the  heavy  wing. 

Additional  roll  coupling  effects  were  evident  when  abrupt  longitudinal  inputs  were 
applied  during  rolling  maneuvers.  Abrupt  aft  stick  inputs  increased  positive  pitch 
rate  which  then  coupled  with  roil  rate  to  produce  an  increase  in  inertial  yaw  accelera¬ 
tion  opposite  to  the  direction  of  roll.  Yaw  rate,  therefore,  wa^  •  .creased  and  sideslip 

increased  adversely  per  equations  (2!  and  (4).  Likewise,  abrupt  forward  stick  inputs 
decreased  fhe  amdunt  of  positive  pitch  rate  during  a  roil  and  thus  resulted  in  a 
decrease  in  adverse  (or  increased  proverse)  sideslip.  A  small  to  moderate  ihadvertent 
longitudinal  input  during  maximum  command  rolling  maneuvers  did  not  normally  produce 
any  significant  adverse  effects  on  roiling  characteristics.  There  was,  however,  some 
increase  in  adverse  sideslip  and  reduced  roll  response  for  aft  stick  inputs  and  some 
decrease  in  adverse  sideslip  and  increased  roll  response  for  forward  stick  inputs.' 
Abrupt  full  aft  stick  inputs  during  rolls,  however,  often  resulted  in  divergences 
both  in  sideslip  and  in  angle  of  attack.  The  sideslip  divergence  was  due  to  inertial 
yaw  coupling  from  the  pq( IK-Iy ) / lz  tec™  of  equation  (2),  while  the  angle  of  attack 
divergence  was  due  t)  the  aircraft  nose-up  command  (full  aft  stick)  in  combination  with 
the  inertial  pitch  acceleration  generated  bv  the  roll.  Abrupt  full  aft  stick  inputs 
pr.oduced  the  most  adverse  characteristics  when  they  were  applied  after  180  degrees  of 
roll  during  maximum  command,  one-g,  360-degree  rolls.  During  roll/pull  maneuvers  at, 
low  to  medium  angles  of  attack,  sideslip  and  angle  of  attack  overshoots  were  often 
excessive.  Koil/pull  maneuvers  initiated  at  higher  angle  of  attack  generally  did  not 
result  in  departures  because  very  large  pitch  and  roll  rates  could  not-  be  developed. 

The  autoroll,  named  for  its  autorotative  rolling  characteristics,  was  an  out-of¬ 
control  mode  exhibited  by  one  aircraft  at  moderate  angles  of  attack.  The  autoroll 
could  not  be  terminated  by  neutral  controls.  The  roll  was  sustained  through  dih»  :ral 
effect  by  a  proverse  sideslip  angle  and  angle  of  attack  was  sustained  by  the  roll  and ■ 
yaw  rates  through  inertial  pvicn  coupling.  The  roll  continued  with  neutral  controls 
because  the  3ideslip  was  sustained  by  inertial  coupling,  and  by  mechanical  hysteresis 
and  roll  rate  feedback  in  the  aircraft  flight  control  system.  The  negative  pitch  rate, 
associated  with  rotating  about  the  stability  axis  .with  proverse  sideslip,  inertially 
coupled  with  roll  rate  to  produce  an  inertial  yaw  acceleration  through  the  pq(lx-Iy)/lz 
term  of  equation  (2).  These  effects  sustained  the  sideslip  because  the  aircraft  static 
directional  stability  was  low.  The  autoroll  was  usually  encountered  during  rudder 
rolls  at  moderate  angles  of  attack.  Lateral  stick  applied  opposite  to  the  roll,  in  an 
attempt  to  recover,  accelerated  the  yaw  rate,  increased  the  angle  of  attack,  and 
eventually  resulted  in  a  departure.  As  little  as  three  seconds  of  full  lateral  control 
opposite  the  roll  was  all  that  was  required  to  depart  the  aircraft.  Tho  best  recovery 
technique  was  to  apply  rudder  pedal  opposite  to  the  roll.  .  This  reduced  sideslip, 
inertial  yaw  acceleration  and  angle  of  attack  and  thus  resulted  in  immediote  recovery. 

Initial  tests  on  one  recent  high  AOA  flight  test  program  indicated  severely  degraded 
hiqh  angle  of  attack  characteristics  for  a  modified  version  of  an  aircraft  that  had 
previously  demonstrated  excellent  high  AOA  characteristics.  The  test  aircraft  encoun¬ 
tered  several  departures  and  one  spin  during  relatively  benign  maneuvers.  This  differed 
significantly  from  the  characteristics  of  the  unmodified  aircraft.  Data  analysis 
indicated  that  a  reduction  1  in  departure  and  spin  resistance  occurred  only  above  40 
degrees  angle  of  attack.  Test  data  indicated  that  large  asymmetric  yawing  moments 
above  40  degrees  angle  of  attack  were  the  cause  of  the  degraded  characteristics  but  the 
source  could  not  be  conclusively  determined.  Subsequent  testing  of  another  similarly 
modified  aircraft,  a  two-seat  model  without  flight  test  instrumentation,  exhibited 
characteristics  inconsistent  .with  those  of  the  test  aircraft.  Since  the  external 
differences  between  the  two  aricraft  was  the  larger  canopy  of  tlje  two-seat  aircraft  and 
the  presence  of  the  flight  test'  noseboom  on  the  3ingle-epat  test  aircraft,  further 
tests  we.re  conducted  with  the  test  airc.rnft  with  the ,  noseboom  removed  in  an  attempt  to 
isolate  the  cause.  Test  results  indicated  that  the  flignt  test  •.  >om  had  an  adverse, 
influence  on  the  high  AOA  dynamics  of  the  aircraft.  It  was  theorized  that  the  noseboom 
(a  circular  cross-section)  altered  the  forebody  configuration  su£f,  : ent ly  to  produce 
large  vortex  systems  at  the  apex  of  the  aircraft  nose.  This  vortex  cistern  separated 
asymmetrically  at  approximately  40  degrees . angle  of  attack  generating  large  side  forces 
that  produced  severe  yawing  moments  due  to  the  distance  from  the  aircraft  center  of 
gravity.  figures  3  and  4  show  time  histories  of  two  similar  maneuvers  flown  in  the 
test  aricraft  with  and  without  the  flight  test  noseboom  installed.  The  maneuver  shown 
in  figure  3  is  the  same  maneuver  that  produced  the  one  spin  encountered  during  the  test 
program.  Figure  5  shows  a  comparison  of  the  aerodynamic  yawing  acceieratipns  produced 
during  the  two  maneuvers  versus  angle  of  attack  up  to  the  point  pf  ,  departure.  At 
approximately  40  degrees  angle  of  attack,  a  larqe  yawing  moment  occurs  with  the  noseboom- 
configured  aircraft  which  produced  the  resultant  spin.  Evidently,  the  only  reason  vhy 
■  the  unmodified  test  aircraft  (also  configured  with  a  noseboom)  did  not  exhibit  these 
adverse  effects  was  becauset  'U.  angles  of  attack  of.  40  degrees  or  more  were  only 
achievable  under  very  dynamic  conditions  with  the  unmodified  aircraft  and  (2)  slightly 
reduced  longitudinal  stability  character. sties  of  the  modified  aircraft  allowed  stabi¬ 
lized  angles  of  attack  of  40  deqrees.or  mors  to  be  achieved  with  full  aft  stick  commands. 
These  results  demonst rated'  a  case  wners  the  flight  teat  configuration  ‘severely  affected 


the  aircraft  flight  characteristics  at  high  AOA.  Future  test  of  production-configured 
aircraft  should  and  will  be  tested  in  the  high  AOA  regime  to  insure  that  test  results 
from  instrumented  aircraft  were  not  influenced  by  the  tiot  configuration  (e.g.,  noseboom, 
spin  chute,  mass  characteristics,  etc.). 

DATA  ANALYSIS  AND  REPORTING 

Meaningful,  accurate  and  timely  data  analysis  is  an  absolute  necessity  in  conducting 
a  safe  and  efficient  high  AOA  flight  test  program.  As  stated  “arlier,  much  of  this 
data  analysis  is  performed  prior  to  and  during  the  conduct  of  the  test  maneuvers 
themselves.  Virtually  all  test  maneuvers  that  are  planned  for  the  flight  test  program 
are  first  performed  on  the  simulator  to  establish  predictive  trends.  Trend  charts  such 
as  the  ones  previously  discussed  are  used  in  the  control  room  between  maneuvers  to 
compare  the  test  results  with  predictions.  The  closeness  with  which  the  predicted  data 
matches  the  flight  test  results  and  the  amount  of  control  margin  remaining  then  dictates 
if  the  next  test  maneuver  can  be  flown  as  planned  or  if  additional  buildup  points  are 
to  be  flown  first.  If  the  comparison  of  test  results  with  predictions  yields  poor 
agreement,  the  flight  is  usually  terminated  so  that  the  contractor  and  Air  Force 
engineers  can  have  a  closer  look  at  the  data,  come  up  with  explanations  for  the  mismatch 
and  make  recommendations  on  how  to  proceed  with  the  remaining  testa.  The  emphasis  in 
the  early  stages  of  the  flight  test  program,  is  to  prevent  a  departure  and  avoid  a  3pin 
whenever  possible.  Only  after  accomplishing  everything  in  phases  A  through  C  of  MIL-S- 
83091  that  can  possibly  be  done  without  departing  the  aircraft,  are  the  departure  and 
post-departure  characteristics  of  an  aircraft  intentionally  evaluated  during  phase  D. 

A  significant  factor  in  early  attempts  at  correlating  simulation  predictions  with 
flight  test  results  was  an  inability  to  cal6ulate  accurate  aircraft  flightpath  angles 
and  velocities  at  very  low  speeds  with  the  standard  flight  test  noseboom  pitot-static 
pressures  and  angle  of  attack  and  sideslip  vanes.  The  spin  maneuver  depicted  in  figure 
3  graphically  shows  what  happens  to  pitot-static  airspeed  measurements  at  high  angles 
of  attack.  For  this  particular  pitot-static  head,  it  appears  that  the  total  pressure 
source  stalls  out  and  becomes  virtually  useless  above  approximately  45  degrees  angle  of 
attack.  Since  angie  of  attack  and  sideslip  measurements  are  subject  to  large  errors 
due,  to  angular  rates  of  the  vanes  about  the  aircraft  center  of  gravity  and  .•  ince  the 
only  way  to  correct  for  these  errors  is  with  an  algorithm  that  includes  true  airspeed 
in  its  formulation,  these  parameter  values  become  useless  as  well.  Because  the  pitot- 
static  and  vane  measurements  become  unreliable  at  high  angles  of  attack  and  because  of 
the  possibility  that  asymmetric  vortex  shedding  from  the  noseboom  will  make  the  test 
results  suspect,  serious  questions  are  now  being  raised  within  the  flight  test  community 
about  the  liabilities  imposed  by  its  use.  Fortunately,  technology  has  provided  an 
answer  to  the  dilemma.  The  quality  of  modern  inertial  navigation  systems  (INS)  have 
reached  the  level  which  qualifies  them  as  viable  candidates  to  be  used  as  flight  test 
instrumentation  sensors.  There  have  been  many  symposium  papers  written  to  date  or.  the 
successes  of  using  INS  systems  for  other  types  of  testing  such  as  aircraft  performance 
determination.  High  AOA  testing,  as  well,  has  benefitted  from  the  uf<  of  INS  systems 
recently.  Figure  .6  shows  airspeed,  angle  of  attack  and  angle  of  sideslip  as  calculated 
from  ins  attitudes  and  velocities.  No  rigorous  prooi  will  be  given  in  this  paper  to 
srow  that  the  INS  values  shown  represent  trde  'alues  of  these  parameters;  however, 
coni^oter-generated  visual  displays  of  the  spin  maneuver  and  others  show  a  considerably 
more  rteady  velocity  vector  that  transitions  very  smoothly  from  level  flight  to  near 
vertical  with  very  little  oscillation.  We  have  also  had  a  great  deal  •  more  success 
lately  in  correlating 'Simulator  predictions  with  the  results  of  flight  tests. 

The  final  task  of  any  high  AOA  test  program  is  getting  the  information  to  the 
user.  Methods  of  reporting  this  information  have  taken  the  form  of  technical  reports, 
briefings,  training  films,  flight  demonstrations,  and  flight  characteristics  section* 
of  flight  Manuals  rewritten  to  reflect  flight  test  results.  Along  with  words  on  paper, 
which  dictate  hi*  actions  while  operating  the  aircraft,  the  operational  pitot  needs 
face-to-face  verbal  exchanges,'  pictures,  and  hands-on  demonstrat  one  to  explain  the  why 
behind  those  words, 

A  major  step  in  the  reporting  process  Is  to  prepare  the  fina '  technical  report. 
The  more  complete  this  report  can  be,  the  more  meaningful  it  will  be  later  when  those 
involved  have  forgotten  the  more  subtle  aspects  of  the  test  program.  While  it  is 
important  to  condena*  the  "meat*  of  the  program  into  a  concise  package  which  is  useful 
to  higher  management  for  decision-making  without  subjecting  them  to  a  myriad  of  detail. 
It  is  also  important  to  record  those  details  so  that  the  next  program  can  benefit  from 
the  information.  The  AFFTC  has  wrestled  for  years  with  the  dichotomy  created  by  the 
need  to  get  bottom-line  results  to  the  management  decision-maker',  in  a  timely  manner 
versus  the  need  to  document  the  technical  details  for  the  "miilicn*  of  questions*  that 
are  aiwaya  asked  about  the  tests  throughout  the  operational  life  of  the  aircraft. 
Within  the  last  year,  it  waa  decided  to  split  the  reporting  function  into  two  parts  to 
better  satsify  the  needs  of  both  groups.  The  bottom-line  results  are  first  assembled 
Into  a  quick-response  briefing  to  be  presented  up  the  Air  Force  chain  of  cowaand  as  far 
a*  necessary  to  satisfy  th#  need  of  the  decision-makers.  The  final  technical  report  is 
then  prepared  to  document  the  technical  details,  A  briefing  tour,  flight  demonstration 
program,  and/or  a  training  film  are  also  prepared  as  necessary  at  this  time  to  meet  th* 
needs  and  desire*  of  th*  user.  These  items  provide  th*  necessary  measure  of  visible 
competence  and  assurance  to  the  operation*!  pilot  who  has  just  been  handed  s  Flight 
Manual  or  safety  supplement  with  descriptions  of  out-of -control  characteristics  and 
recovery  procedure*  that  are  totally  unfamiliar  and  on  which  ha  is  expected  to  rsly. 
The  briefing  tour  Ha*  significant  two-way  benefits.  Test  project*  personnel  esa  receive 


valuable  insight  to  the  operators  special  problems,  and  then  in  future  test  efforts, 
address  test  techniques  more  properly  to  these  areas.  Also,  the  briefing  forces  the 
tour  team  to  "talk  in  useable  language"  to  an  audience  possessing  less  expertise  in  the 
high  AOA  area.  The  effectiveness  of  disseminating  complex  test  results  in  a  simple, 
useable  format  is  then  assessed  and  reapplied  to  the  training  film  or  flight  demonstration 
program  as  applicable. 

SUMMARY 

High  AOA  flight  testing  is  still  very  exploratory  in  nature.  Although  wind  tunnel 
test  techniques  and  analytical  methods  are  becoming  more  sophisticated,  they  still  do 
not  serve  with  the  same  accuracy  as  similar  studies  applied  in  the  low  AOA  range  because 
of  mere  acute  Reynolds  number  and  flow  separation  problems.  With  stall/spin  predictive 
studies  tempered  by  such  uncertainty,  it  is  increasingly  vital  that,  suitable  flight 
test  techniqu  s  be  employed  and  continually  refined  to  obtain  results  useful  to  the 
operational  pilots.  As  a  representative  for  all  present'  and  future  service  pilots,  the 
test  pilot  must  prepare  himself  to  be  an  accurate  witness  to  rapidly  transpiring  events, 
many  of  which  *re  likely  to  be  unscheduled.  When  the  results  are  determined  and 
conclusions  made,  they  must  be  promptly  and  properly  reported.  lb  the  designers, 
quantative  data  is  needed  to  back  up  the  qualitative  conclusions  if  aircraft  modifications 
are  warranted.  lb  the  operators  in  the  field  whose  lives  or  mission  success  depend 
upon  an  ncisive  Flight  Manual  writeup,  a  fcce-to- f ace  briefing,  a  flight  demonstration, 
.and/or  a  training  film  is  appropriate. 

Using  the  guidance  provided  by  MIL-S-83691,  emphasis  in  high  AOA  flight  testing  is 
no.i  directed  toward  departure  prevention  and  spin  avoidance  as  well  as  spin  recovery. 
Today's  high  AOA  test  program  is  systematic,  flexible  and  user-oriented,  following  a 
gradual  buildup  approach  supplemented  with  concurrent  simulation  efforts.  The  AFi  TC 
has  now  completed  approximately  sixteen  high  AOA  flight  test  programs  in  the  last  decade 
totaling  more  than  600  test  flights  without  the  loss  of  a  single  test  aircraft  and 
with  only  three  unplanned  spin  chute  deployments.  It  is  a  record  we  are  proud  of  and 
we  hope  will  continue  for  some  time  to  come. 
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test  pro  gras  was  executed  With  the  •ticker  *23  transport  aircraft  ta  invest (gate  whether  it  is 
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;  research  *rv: 'u?  case  flight  si.su. ator,  programed  with,  the  F5S  aerodynamic  tsodel  derived  front  convent: cn- 
ai.  fi :  cr.t  tests  and  wind-tunnel  data,  was  used  to  select  an  optiaal  set  of  sAnoeu.'wres  from  which  the  desired 
characteristics  could  be  ieternir.ed  with  a  satisfactory  degree  of  accuracy. 

Flight  test  cat  a  was  analysed,  -using  the  so-called  'Twc-  Step  met  hod"  developed  in  The  Netherlands  ■  by  Delft 
l’r. i ve rs : ty  cf  Technology  ar.d  SIR.  This  method  starts  by  reconstructing  the  aircraft  flight  path  as  the 
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short  time  using  an  interactive  premia. 

The  flight  test  results  are  conpared  with  resu.*s  derived  from  conventional  test  prrgraames.  from  this  com¬ 
part  sir.  it  is  'clear  that  the  abeve-aenticned  goal  .-.as  been  reached.  _ _ • 
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to  tilitary  aircraft  (Refs.  ",  T,  3:.  In  ;  VTb  the  Xllt  initiated  .a  research  program  to  investigate  the  applic¬ 
ability  of  the  so-called  Two-Step  Method  to  commercial  jet  transport  aircraft.  The  research  concentrated 
ir.itia.ly  on  the  det  emir,  at  ion  of  performance  character' sties,  because  of  the  potential  reduction  in  flight 
test  tine  ar.l  the  improvement  ir.  accuracy.  Ir.  autumn  '977  a  series  of  four  test  flights  were  executed  with 

"35  see  Fig.  l),  using  a  specially  designed  instrumentation  system  (Refs.  1,5). 
p.t  test  program  are  presented  in  Section  3. 

later  the  esphasi3  shifted  to  the  determination  of  stability  and  control  characteristics.  The  main 
reasons  for  this  change  are  the  increased  import ar.ee  of  realistic  flight  simulators  and  the  potential  im¬ 
provement  ir.  the  design  of  autopilots.  The  first  flight  tests  already  included  a  few  stability  and  control 
measurements,  but  they  were  confined  to  lor.gitudma.  metier..  The  results  of  these  measurements  were  encour¬ 
aging,  but  if  was  decided  to  do  some  further  research  using  the  XI?  moving  base  simulator.  The  objectives 
f 'this  research  were  the  design  cf  a  set  of  manoeuvres  which  will  allow  the  determination  of  all  the  major 
aerodynamic  coeffi cier.f s  under  the  condition  that  these  man, oeuvres  are  simple  enough  to  be  flown  manually 
by  a  test  pilot.  An  additional  aim  was  to  prove  that  ever,  "standard”  flight  test  manoeuvres  (e.g.  rudder 
doublets,  turns)  can  be  used,,  provided  that  they  are  suitably  combined  with  each  other.  The  main  conclusions 
cf  "his  research  are  presented  in  section  9.3.  . 

Ir.  the  spring  of  id-?3,  Fokker  decided  to  execute  a  snort  flight  -eat  program  in  order  to  validate  its 
•  simulator  model  for  the  FT 3  Mi»100  for  Phase  3  use.  If  was  decided  to  perform  soste  of  the  planned  manoeuvres 
in  the  same  way  as  in  the  simulator  pregraa  described  in  section  u.T.  This  provided  sn  iri-flight  verifica¬ 
tion  of  these  theoretical  results.  Since  the  standard  XLS  flight  test  instrumentation  system,  that  has  been 
installed  in  the  aircraft  for  a' long  time,  was  not  designed  to  the  specifications  for  dynamic  flight  test¬ 
ing,  a  Honeywell  laser  straodevn  Inertial  System  was  added  in  order  to  obtain  the  needed  accurate  inertial 
measurements.  Tone  results  ot 


these  flight  tests  are  presented  in  section  1.3. 


Introduction 

The  Two-.lt.ep  method  as  used  by  77P  was  developed  by  the  Department  of  Aerospace  Fngineering  of  the 
Delft  "r.iversity  of  7echr.olc«Qr  (Ref.  ’).  As  the  name  implies  the  method  uses  two  distinct  steps. 

Figure  !s  gives  an  overview  of  the  first  3tep  of  the  lat'a  processing.  The  first  phase  is  called  ”pre- 
pr~ce3sir.g"  and  involves  a.o.  the  arp  1  icat i on  -~f  the  3e-sor  calibrations  and  position  error  corrections, 

•he  correction  of  vane  angles  for  dynamic  errors,  the  correction  of  pressure  measurements  for  time  lags  and 
•he’ reluct  ion  of  the  acceleration  measurements  to  the. .-enter  of  gravity.  Afte-  the  pre-processing  the  state 
trajectory  or  .he  aircraft  vi*h  respect  to  the  surrounding  air  mass  is  reconstructed ,  this  crucial  procedure 
is  described  in  .more  detail  in  section  3.3.  The  last  phase  is  the  calculation  of  the. engine  thrust  comoo- 
ner.ts.  Torrecting  the  inertial  measurements  fpr  the  ♦hnst  -emponents  yield  the  aerodynamic  forces  and 
none r.ts.  The  »nd  result  of  the  first  step  is  *  he  smoot hed . t ime  histories  of  the  dimensionless  aerodynamic 
f  rees  and  moments  and  >f  the  aircraft  state  variables.  • 

In  toe  second  step  !Fig.,Tb)  there  are  two  options: 

'.  A  program  which  reduces  the  measurements  in  dynamic  flight  to  equivalent  steady-state  conditions.  This 
allows  the  determination  of  performance  characteristics  and  trim  curves  (see  section  .1.3). 

.?.  An  interactive  parameter  identification  program  based  on  linear  regression  techniques.  This-  allows  the 
■■  determination  of  the  coefficients  of  an  aerodynamic  model  (see  section  '.el. 

3.3  Flight  na,h  reconstruction 

The  flight  path  reconstruct  Jon  procedure  is  an  essential  part  >f  the  Two-Step  method.  This  procedure 
make*  use  of  the  redundancy  present  in  * h-  recorded  inert  ial  and  air  data  variables  in  order  to  obtain  the 
lest  e,t;-iate  of  the  state  variables  f  the  aircraft  during  the  dynamic  manoeuvre.  The  most  important  result 
is  '.he  estimate  of  *  he  angle  of  attack,  which  is  very  difficult  to  measure  accurately  with  van»s,  especially 
luring  a  dynamic  manoeuvre. 

For  a  flat  and  non-rotating  ear*h  and  for  constant  wind,  the  equations  of  motion  expressed  in  hotly 
axes  are  (see  figure  1): 


•  A  -  g  sin  a 

* 


-  qw  *  rv 

v  •  A  ♦  g  <-os  a  am  ♦  -  ru  *  pw 

■  y , 

w  •  A^  »  g  cos  A  cos  ♦  -  pv  ♦  qu 

»  »  p*  j  am  *  tan  a  *T  cos  ♦  ton  a 

a  «  q  cos  a  •  r  sin  » 

t  •  q  sin  »  tec  a  ♦  r  sec  l  cos  *• 

■ h  *  u  s in  a  -  v  a i n  f  cos  a  -  w  cos  a  cos  S 


(;m) 
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(2.2) 
(2.3! 
(2.U) 

We  define  the  state  vector  as 

'  X  =  (u,  v,  v,  *‘,.3,  *,  Ah)  (2.5) 

and  the  inertial  measurements  as  the  input  vector 

U  =  (A  ,  A  ,  A.,  p,  A,  r)'  (2.6) 

•  X  .  /  <• 

This  allows  us  to  write  (2.1).  as 

X  =  f(X,*J)  '  .  ...  (  (2.7)  • 

This  differential  equation  cannot  he  integrated  to  yield  the  state  vector  trajectory  of  the  aircraft  during 
a  manoeuvre ,  because  the  initial  state-  is  not  known  accurately  and  because  the  input  vector  is  corrupted 
with  measurement  errors.  This  problem  -is  solved  by  using  the  air  data  measurement  vector 

Y  =  (v  ,  Ah. ,  i  )  .  (2.8) 

is  m  s 

and  applying  the  well-known  Kalman  filter  methodology.  The  exact  algorithm  is  described  in  more  detail 
in  reference  *  and  6,  while  references  7  and  3- give  additional  theoretical  background. 

In  the  original  implementation  the  errors  on  the  inertial  quantities  were-  model  Led  as  a  constant  bias 
plus  a  noise  process.  In  .practice  the  bias  estimates  were  very  close  to  2ero,  although  the  estimation  of 
the  bias  errors  in  the  first  tests  did  uncover  an  error  in  the  calibration  coefficients  of  one  of  the  gyro¬ 
scopes.  Therefore,  it  was  decided  to  remove  the  bias  terms  from  the  model. 

The  quality  of  the  flight  path  reconstruction  can  be  judged  by  examining  the  so-called  residuals,  i.e. 
the  difference  between  the  Kalman  filter  estimate  of  Y  and  the  measured  Y.  The  difference  between  the  esti- 
zrated  and  the  measured  angle  of  attack  a  also  yields  important  independent  information  because  it  is  not 
used  in  tie  Kalman  filter  procedure,  ‘while  there  is  a  significant  bias  on  the  measured  this  bias  should 
be  expected  to  reproduce  under  similar  conditions.  The  residuals  are  invaluable  far  tracing  any  uncorrtuted 
•errors ‘in  the  a:r  data  system,  sdch  as  time  delays  cr  dynamic  effects. 

Nevertheless,  the  final  criterion  for  the  quality  of  the  reconstruction  is  the  lift-drag  polar  cur  e,  be¬ 
cause  ar.y  deviation  in  the  estimated  angle  cf  attack  has  a  very  large  effect  eh  this  curve. 

Closer  examination  of. systematic  deviations  between  lift-drag  polars  from  one  flight  revealed  the  im¬ 
portance  of  charges  in  wind  velocity  for  the  performance  results.  Although  it  is  in  theory  possible  to 
estimate  the  change  in  wind  velocity  by  incorporating  it'  in  the  error  model,  in  p**actice  this  can  only  be 
succesful  if  the  inertial  measurements  are  of  so-called  navigation  accuracy.  Therefore',  it  was  decided  in 
to  replace  the  NIJ?  developed  inertial  sensor  package  by  a  strapdown  navigation  system.  As  mentioned 
above,  this  system  was  used  in  the  flight  tests.  The  advantages  of  such  a  system  for  flight  tests  are: 

-  the  ground  spe^d  *»rror  is  small  and,  more  important,  changes  very  3lowly, 

-  it  provi ie3  the  altitude  angles  with  high  accuracy  (0.02  degree),  , 

-  it  provides  the  accelerations  and  angular  rates  in  body  axes, 

-  it  does  the  integrations  of  the  inertial  sensors  internally  at  very  high  speed,  which,  simplifies  the  data 
processing  on  the  ground, 

-  it  is  commercially  available. 

With  this  equipment  ^he  wind  velocity  vector  can  be  determined  by  subtracting  the  airspeed  vector 
from  the  inertial  speed  vector: 

7  »  V.  -  V  (2.9) 

•  w  i  a 

This  measurement  is  very  noisy,  so  smoothed  estimates  of  the  two  horizontal  wind  components  Vvx 
V  are  obtained  by  adding  them  to- the  state  vector  and  by  adding  (2‘.9)  to  the  ceasur*wnt  vector  Y.  Based 
on  *he  flight  t**st  results  the  wind  velocity  i»  modelled  as  varying  with  time,  distar.c-  and  altitude.  . 
Especially  th*  variation  with  altitude  ves  very  significant  at  times,  which  could  be  noticed  by  systematic 
deviations  in  th*e  '  *t-drag  polar- curves  derived  .from  measurements  in  opposite  flight  directions.  The 
variation  with  distance  may  be  even  more  important,  however,  because  it  haa  the  sane*  effect  on  the  lift- 
drag  polar  curves  in  both  flight  directions,  which  means  that  the  deviations  will  not  average  out. 

2.3  Reduction  to  steady-state  conditions  * 

The  performance  character! at i cs  as  Well  as  the  trim  curves  can  be  'derived  from  the  forces  and  moments 
acting  on  the  aircraft  in  rtteady,  trimmed  flight  conditions.  However,  during  an  accelerated  run  the  measured 
*orc#*s  and  moments  apply  to  the  actual  flight  condition,  vhi'*h  is  nonstendy  and  untrimaed.  tn  addition  the 
altitude,-  the  center  of  gravity  location  and  the  mans  of  the  aircraft  vary  continuously  during  the  flight. 
The  reduction  procedure  uses  a  model  of  the  aircraft,  to  calculate  the  forces  and  moments  corresponding  to 
a  prescribed  nt^ady-atat**  condition  with  standard  values  of  altitude,  c.g.  location,  and  mass.  This  is 
possible,  because  the  complete  ntate  of  the  aircraft  is  available  after  the  flight,  path  reconstruction. 

The  dimensionless  forces .and  moments  acting  on  the  aircraft  in  symmetric  flight  are  defined  as: 


(2.10) 


C  * - 

x  )ov?r\ 

c  . 
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If  the  aerodynamic  model  of  the  aircraft  and  the  engine  thrust  are  known,  it  is  possible  to  write  C  , 


1.  C  as: 

Cx  *  CX(a*  v’  q’  ®»  5e’  V  h*  V  * 

C„  5  C7(a,  V,  a,  o  ,5  ,  h,  7  )  (2-11) 

i*  ta  CSC 

Ca  =  CnU*  V*  “*  5e’  4s*  h’  Te‘  CX’  CZ'  Xcg*  Zcg] 

We  will  now  denote  the  actually  measured  variables  with  the  subscript  1  .and  the  reduced  variables  with 
the  subscript  2.  The  standard  condition  is  completely  prescribed  by  the  altitude  in  the  standard  atmosphere 
h,  (which  fixes  p2  and  T,),  the  aas3  m,  and  the  center  of  gravity  location  xCg2  811(5  zcg2-  addition  we 
assume  T  =  T  which  is  reasonable  for  a  jet  engine,  and  we  choose  a„  =  a.  m  order  to  stay  close'  to  the 
2  e1  .  a  \  . 

measured  condition.  Steady  trimmed  flight  is  described  by: 


(2.12) 


In  principle  the  set  of  equations  (2.!l)  and  (2.12>  can  be  solved  for  the  unknowns  Cy.,  C«_,  Vo  and 
SS2.  This  would  yield  the  required  results  without  any  use  of  the  measurements.’  However,  the  mcdel  (2.11) 
is  not  aocurate  enough  for  the  calculation  of  performance  characteristics,  although  it  can  describe  the 
changes  in  the  forces  and  moments  over  small  changes  in  the  variables  very  well.  Therefore,  the  model 
(2.11)  is  replaced  by  a  model  based  on  the  actual  flight  measurements: 


CX2  “  CX)  *  ^CX(s2^  ~  ^*1^ 
%  “  CZ,  '  CZ{s1)] 

C  -  C  ♦  tc  (s  )  -  C  (s  )1 
a_  ,  m  m2  “  l 


where  the  vector  s  consists  of  the  12  independent  variebl.es  in  equation  (2.11).  The  set  of  equations  (2.12) 
and  (2.13)  is  solved  with  Newton-Raphson  iteration. 


An  important  aspect  of  the  reduction  procedure  is  that  it  is  an  extrapolation  based  on  the  aerodynamic 
model.  This  means  that  the  more  the  standard  condition  differs  from  the  actual  flight  condition,  the  more 
the  reduction  relies  on  the  accuracy  of  the  aerodynamic  model.  In  the  case  of  the  accelerated  runs  the 
flight  condition  i3  in  fact  very  near  steady,  trinsed  flight-.  This  means  that  in  this  case  the  accuracy 
of  the  aerodynamic  model  i3  not  critical.  An  important  advantage  of  reduction  to  standard  conditions  is  that 
all  results  from  different  recordings  can  be  compared  directly,  3uch  as  C^-a  curves,  etc.  The  effect  of  the 
reduction  can  be  seen  in  the  trim  curve  (Fig.  5)  discussed  in  section  3.2. 


Finally,  it  should  be  noted  that  there  are  many  possible  choices  for  the  standard  condition.  An  example 
is  steady  manoeuvring  flight  which  would  be  useful  for  the  determination  of  stickforce  per  g.  The  reduction 
procedure  is  described  in  more  detail  in  references  ,k,  7  and  10. 


2.L  Aerodynamic  model  identification 

The  aerodynamic  model  identification  was  performed  with  the  aid  of  a  computer  program  called  "Param¬ 
eter  estimation  using  an  Interactive  Adaptive  System"  (PIAS).  Thi3  program  is  based  on  the  linear  regres¬ 
sion  technique,  which  is  implemented  using  Householder  transformations  and  Givens  rotations  (ReT.  U).  Thi3 
results  in  a  system  wtiibh  yields  ■  accurate  parameter  estimates  within  a  negligible  time!  delay  and,  therefore, 
can  be  used  interactively. 'The  program  contains  extensive  graphical  facilities,  which  allows  the  analyst  to 
evaluate  t'he  results  for  a  particular  aerodynamic  model  very  quickly. 

A  significant  feature  of  the  program  is  that  the  form  of  the  aerodynamic  model  can  be  changed  inter¬ 
actively  by  the  analyst.  Since  the  calculation  of  the  coefficients  of  a  new  model  is  virtually  instanta¬ 
neous,  the  analyst  is  capable  of  evaluating  a  large  number  of  alternative  models  until  he  is  satisfied 
with  the  result’..  The  program  always  starts  with  a  model  with  a  chosen  maximum  set  of  parameters  and  then 
allows  the  removal  of  parameters-  from  the  model  or  the  specification  of  linear  dependencies  between  the 
paraa-ters. 

After  choosing  one  particular  form  of  the  aerodynamic  model  the  program  can  te  run  in  batch  mode  on  all 
available  flight  data  and  the  results  presented  in  the  form  of  grnphs  (see  section  I*).  This  last  step  is 
very  important,  because  the  analysis  is  on  .y  completed  if  the  results  from  the  batch  run  show  that  the  param¬ 
eter  estimates  are  consistent  for  all  available  data.  If  this  is  not  the  case  further  analysis  in  the  inter-- 
active  mode  is  necessary. 

An  advantage  of  the  linear  regression  method  in  comparison  with  e.g.  Maximum  Likelihood  methods  for 
parameter  identification  is  the  fact  that  the  method  does  not  rely  on  the  temporal  relation  between  the 
processed  lata  points.  This,  allows  the  analyst  to  concatenate  several  separate  recordings  and  thus  obtain 
a  data  net  which  allows  the  identification  of  all  model  parameters,  whereas  the  individual  recordings  will 
not  allow  this  identification.  Another  option  u-ich  was  used  extensively  in  the  analysis  presented  in 
section  4,  is  the  deletion  of  those  parts  of  a  recording  which  the  analyst  does  not  want  to  take  into  ac¬ 
count,  because  either  these  part#  are  corrupted  by  errors  or  the  incorporation  of  these  parts  would  force 
bio  to  use  a  more  complex  aerodynamic  model,  e.g,  in  order  to  describe  nonlinear  behaviour  or  Mach  number 
coefficients.  Reference  H  contains  srme  s  i  nplo 'cxasjjles  of  the  use  of  the  PTA15  progrsa  features. 

The. analysis  was  based' on  dimensionless  coefficients  corrected  for  the  known  (geometric)  effects  of 
the  engine  thrust  defined  as: 
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"he  force  coefficients  (C-,,  CL,  Cv)  were  chosen  in  the  air-trajectory  reference  f rase,  because  in  this 
frame  the  large  lift  forci  is  separated  frbn  the  smaller  drag  and  side  forces.  The  moment  coefficients 
(Cj,  C„,  Cj  were  chosen  in  the  body  axes  frame,  because  the  contributions  of  the  horizontal  and  vertical 
tail  surfaces  act  in  this  frame.  This  eliminates  one  source  of  a  dependency  in  the  moment  coefficients.  The 
general  form  of  the  aerodynamic  model  was  based  on  the  existing  Fokker  simulator  model,  since  it  appeared 
to  describe  the  aircraft  dynamics  well.  The  model  equations,  divided  into  separate  sets  for  the  longitudinal 
'(2.15)  and  lateial-directional  (2.16)  motion  are: 
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Depending  on  the  type  of  analysis  seve: '1  of  these  coefficients  were  deleted  fra*  the  model.  In  particular 
in  most  analysis  work  the  model  was  limi  ed  tc  one  single  Mach  number  and  the  id-terms  were  deleted. 


2.5  Comparison  with  other  methods 

■  Today  the  Maximum  Likelihood  or  Modified  Newton-Raphson  methods  are  widely  used  for  parameter  identifi¬ 
cation  (Ref.  2).  It  seems  appropriate  to  make  an  attempt  to  compare  the  Two-Step  method  with  its  main  rival. 

In  the  ML  method  the  combined  state-estimation/parameter  identification  problem  is  solved  in  one  step. 
This  me an 3  that  the  estimates  of  the  aerodynamic  model  coefficients  directly  influence  the  estimated  trajec¬ 
tory.  In  the  cr.se  that  the  aerodynamics  are  relatively  well-known  and  the  measurements  of  the  state  are 
relatively  inaccurate  'this  seems  plausible  and  even  convenient.  But  in  the  case  of  high  accuracy  state 
measurements  the  assumption  that  these  measurements  alone  should  bp  sufficient  to  obtain  an  accurate  trajec¬ 
tory  estimate  seems  to  be  more  appropriate. 

More  important  are  the  prscticaldifferences.  The  combined  problem  is  highly  nonlinear  and  requires  an 
iterative  solutiin  and  some  care  to  assure  convergence.  Therefore  it  is  au  expensive  program  to  run,  which 
would  not  be  so  bad  if  you  used  it  only  once.  But  in  a  realistic  aerodynamic  model  development  a  number  of 
alternative  model  structures  hsve  to  be  investigated,  each  requiring  the  solution  of  the  full  problem  (si- 

estimates  should  help). 


though  starting  from  previous 

In  the  case  of  the  Two-Stl 
the  accurate  measurements  will| 
It  is  also'  an  expensive  progri 
only  have  to  run  it  oiice!  The 
are  very  inexpensive  and  can 
a  large  number  of  models  in  a 

3  FEF.FORMASCE 

3.1  Flight  test  technique 

For  the  determination  of 
developed  whereby  the  aircraft] 
10  t  above  the  stalling  speed, 
run  the  complete  speed  range  olf 
erating  flight  were  not  contemp 
in  these  conditions. 


|ep  method  the  trajectory  reconstruction  is  also  a  nonlinear  problem,  although 
prevent  large  deviations  from  the  true  trajectory,  which  assures  convergence, 
i  to  run,  comparable  to  the  ML-method,  with  one  important  difference:  you 
(aerodynamic  model  investigation  is  based  on  linear  regression  techniques  which 
die  very  complicated  models  quite  easily.  This  allows  the  investigation  of 
bhort  time  on  an  interactive  basis. 


f.he  aircraft  performance  characteristics  a  flight  test  manoeuvre  has  been 
is  3loviy  accelerated  from  nearly  steady  flight  at  low  speed,  approximately 
to  the  maximum  allowable  or  practicable  airspeed.  During:  an  accelerated 
the  aircraft  for  a  single  configuration  is  covered.  Measurements  in  decel- 
lated,  because,  of  the  inaccurate  determination  of  the  ( low)  engine  thrust 


In  figure  3  time  hist’ori' 
The  manoeuvre  is  car-ied  out 
used  for  fine  control  of  the  i 

1.  Steady  level  flight  at  the 
at  a  lower  speed  proved  to 

2.  Engine  stabilisation  at  the 
slightly  to  abound  1.1  'V  , 

3.  Measurement  interval  during| 
!*.  Return  to'  initial  altitude 


of  six  motion  and  control  variables  for  a  typical  accelerated  run  are  shown, 
applying  stepwise  changes  in  the  stabilizer  setting,  while  the  elevator  is 
oeuvre.  The  following  phases  can  be  distinguished: 

Required  altitude  and  at  an  ai  rspeed-  of  approximately  1.3  V  .  Stabilization 
e  impracticable  due  .'to  the  proximity  of  the  stall. 

required  power  setting  for  at  least  30  seconds.  The  • irspeed  is  decreased 
jrhile  the  increased  engine  power  is  taken  up  by  going  into  a  climb. 

which  the  aircraft  is  accelerated  at  a  rate  of  between  0.5  and  1  m/s2. 

in' preparation  for  the  next  run. 
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5.  Steady  level  flight  to  allow  the  calibration  of  the  air  data  system. 

The  flight  test  manoeuvre  was  practised  by  Fokker  pilots  on  the  NLR  moving  base  simulator,  vhich  had 
been  programmed  with  the  Fokker  F23  simulation  model.  The  evaluation  of  the  test  manoeuvres  on  the  simula¬ 
tor.  resulted  in  the  ultimate  shape  of  the  manoeuvre.  At  the  same  time  the  sinusoidal  elevator  .input  signals 
for  the  determination  of  longitudinal  stability  and  control  characteristics  were  practised.  These  manoeuvres 
will  be  discussed  in  section  4.1.  More  details  on  the  preparation  for  the  1977  flight  test  program  can  be 
found  in  reference  9. 

5.2  Results 

Ir.  the  1977  flight  test  program  a  total  of  1*5  accelerated  runs  were  executed  for  11  different  aircraft 
configurations  (flap  setting,  undercarriage  selection,  altitude,  power  setting,  etc.).  In  addition  27  par¬ 
tial  climbs  were  executed  for  1  different  configurations  in  order  to- investigate  whether  the  results  of  the 
dyhamic  flight  tests  accurately  represent  the  static  performance  characteristics  (Ref.  10). 


The  primary  aim  of  the  research  was  to  establish  the  repeatability  of  the  performance  results.  There¬ 
fore,  each  configuration  was  measured  at  least  three  times  while  the  more  important  configurations  were 
measured  up  to  six  times,  divided  over  two  different  flights.  In  the  analysis  each  individual  measurement 
was  fitted  to  the  second  degree  polynomial: 
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D 


CD0  *  SCL 


(3.D 


From  the  individual  estimates  cf  CA  and  S  overall  estimates  fo-  Cp  and  8  were  calculated,  together  vit.h 

the  corresponding  sample  standard  deviations  'an  and  o„.and  the  saflple  correlation  coefficient  pc„  A  • 

•  '-Dq  b  .  d0* 

Figures  4a,  4c  and  4e  present  the  results  for  the  3  most  important  configurations.  These  configurations 
are  respectively:  , 

-  clean  aircraft,  two  engines  (6  runs  from  two  flights), 

-  slat3  extended,  one  operating  engine- (5  runs  from  two  flights), 

-  slats  extended,  23  degrees  flap,  one  operating  engine  (I*  runs  from  two  flights). 


In  each  figure  all  datapoints  from  all  accelerated  runs  for  a  particular  configuration  are  plotted.  In 

* .  The 
drag 

e 

accelerated  run  would  be  expected  to  fall  between  these  boundaries.  The  figures  show  that  even  the  large 
majority  of  the  datapoints  stay  within  these  boundaries,  although  there  is  3ome  evidence  that  the  strictly 
quadratic  model  does  not  apply. 

In  figures  Ub,  Ud  and  Uf  the  corresponding  results  for  the  partial  climbs  are  compared  to  the  lift- 
drag  polar  curve  as  derived  from  the  accelerated  runs.  It  is  evident  that  the  results  are  mutually  consis¬ 
tent  although  6  or  7  partial  climbs  are  hardly  enough  to  verify  the  dyramic  results  to  their  full  accuracy. 

It  does  show,  however,  that  the  two-step  method  does  not  introduce  a  bias  in  the  estimated  lift-drag  polar 
curves . 

Table  1  presents  an  overview  cf  the  sample  standard  deviation  of  these  estimates  tor  and  8  for  all 
configurations,  expressed  as  a  percentage  of  the  full  value  of  those  coefficients.  From  thi3  table  it  can  - 
be  concluded  that  over  all  configurations  the  average- standard  deviation  of  the  Cp„  estimates  was  1.4  < 
and  the  average  standard  deviation  for  the  8  estimates  was  2.0  t.  The  results  for  configurations  2  and  4 
show  the  largest  deviations.  Closer  investigation  of  those  measurements  revealed  that  the  wind  velocity 
changed  appreciably  during  those  manoeuvres,  an  effect  which  can  also  be  seen  in  the  results  for  the  partial 
climbs. 

Figure  5  presents  a  typical  result  for  a  trim  curve  derived  from  an  accelerated  run.  The  stabilizer 
angle  5^  is  shovn  as  a  function  of  angle  of  attack  a  over  the  speed  range  of  the  aircraft.  The .dots  corre¬ 
spond  to  the  actual  measurements,  while  the  3olid  curve  represents  the  results  of  the  reduction  to  steady- 
stete  flight  with  8fi  •  0  and  standard  c.g.  location,  mass  and  altitude. 

4,  STABILITY  AMD  CONTROL 

4.1  Initial  results  .. 

As  mentioned  before, a  small  part  of  the  1977  night  test  program  was  devoted  to  the  determination  of 
longitudinal  stability  and  control  characteristics  (Ref.  10).  • 

The  elevator  control  input  -signal  was  computed  with  an  optimisation  program  developed  by  Delft  Univer¬ 
sity  of  Technology  (see  reference  11).  The  optimization  procedure  was  constrained  to  produce  am  input  signal 
which  would  be  as  simple  as  possible  to  allow  the  pilot  to  fly  it  manually  and  which  would  be  very  smooth  in 
order  to  prevent  the  excitation  of  bending  modes  in  the  airframe.  In  addition  some  time  was  spent  in  prac- • 
tising  the  input  signal  on  the  flight  simulator.  The  final  input  signal  consisted  of  a  two-period  control 
movement  with  a  jinusoidal  shape  (see  figure  6),  The  signal  was  adapted  for  the  various  flight  conditions 
by  adapting  its  frequency  to  the-  short  period  frequency. 

In  order  to  investigate  the  repeatability  of  the.  results  a  number  of  simila“  elevator  inputs  were  ever 
euted  during  each  measurements.  The  time  interval  between  the  innut*  was  kept  as  small  as  possible  in  order 
to  maximize  the  number  of  usable  responses. 

From  this  flight  test  program  longitudinal  stability  and  control  derivatives  were  determined  over  a  large 
area  of  the  flight  envelope.  In  figure  7  the  estimated  coefficients  of  the  pitching  moment  control  for  a 
measurement  at  M  »  0.33  and  h  «  8030  a  consisting  of  a  series  of  four  individual  elevator  inputs  are  presen¬ 
ted.  In  addition  the  results  of  combining  the  four  elevator  inputs  is  shown.  As  can  be  noted  from  this 
figure  the  repeatability  of  the  estimated  coefficients  is  quite  gqod,  with  the  exception  of  the -a  and  4 
coefficients  of  the  second  manoeuvre.  In  addition  the  calculated  standard' deviations  appear  to  be  consistent 
with  the  actual  spread  in  the  results. 

llince  there  ir.  a  strong  coupling  between  the  a,  4  and  q  motion  during  the  oscillations  the  corresponding 
coefficients  cannot  be' estimated  independently  of  each  other.  Therefore  *  it  was  necessary  to  use  a  priori 
information  in  the,  estimation-  procedure.  Based  on  theoretical  assumptions  a  ratio  of  3  between  the  q  and  a 
derivatives  was  used  in  the  analysis. 


addition  the  overall  estimates  for  Cpn  and  8  were  used  to  draw  th».  lift-drag  polar  curve  (heavy  line) 
estimates  for  ,  o0  and  ,  g  were  used  to  calculate  3  sigma  confidence  boundaries  for  the  lift- 

polar  as  indicated  by  the  broken  lines.  Approximately  99  %  of  all  polar  curves  derived  from  one  singl 
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1.2  Manoeuvre  design 

1.2.1  Introduction  '  • 

In  continuation  to  this  program  a  further  investigation  on  the  flight  simulator  of  313  vas  carried  out 
with  the  objective  of  establishing  flight  test  manoeuvres  from  which  the  complete  set  cf  either  the  longi¬ 
tudinal  or  the  lateral-directional  stability  and  control  derivatives  can  be  determined  without  the  use  of 
any  prior  knowledge  of  coefficient  values  or  of  ratios  of  coefficients. 

The  objectives  in  the  design  of  the  flight  teat  manoeuvres  have  been: 

-  the  manoeuvres  should  be  simple  to  perform  manually,  wit.nout  requiring  exceptional  piloting  skill, 

-  the  data  measured  during  the  different  manoeuvres  should  contain  sufficient  information  to  allow  an  accu¬ 
rate  estimation  of  the  stability  and  control  derivatives. , 

In  reference  12  five  different  types  of  input  signals  have  been  tested  with  respect  to  their  usefulness 
for  the  determination  of  longitudinal  and  lateral -direct  ior.al  stability  ar.d  control  derivatives  from  dynamic 
manoeuvres.  It  turned  out  that  two  of  these  input  signals  provide  accurate  results  and  moreover  are, very- 
easy  to  terform  manually.  These  input  signals  are  the  classical  doublet  and  the  321T  multistep,  which  is 
described  in  section  1.2.2. 

The  aircraft  response  to  a  single  control  input  does  not  contain  all  the  information  required  for  an 
accurate  determination  of  the  complete  set  of  derivatives.  However,  by  considering  a  combination  of  differ¬ 
ent  manoeuvres  a  series  of  measurements  can  be  arranged,  which  provide  sufficient  i nCorric-t  1  or.  f or  an  accu¬ 
rate  identification  of  the  derivatives.  An  important  advantage  of  the  applied  regression  technique  is  that 
the  time  sequence  of  the  datapoints  is  not  important,  which  alxovs  the  use  of  ah  arbitrary  combination  of 
manoeuvres  in  the  analysis. 

In  order  to  seLect  an  optimal  combination  of  flight  test  manoeuvres  from  which  the  desired  derivatives, 
both  longitudinal  and  lateral-direct  ior.al ,  can  be  determined  with  a  satisfactory  degree  of  accuracy,  an  in¬ 
vestigation  was  carried  out  on  the  VLB  moving  base  simulator.  The  simulator  had  been  programed  with  the 
Fokker  F23  simulation  model'.  The  data  was  analyzed  with  the  PIAS  program. 

Various  types  of  manoeuvres  and  combinations  of  manoeuvres  have  been  evaluated.  As  a  result  of  this  study 
two  sets  of  manoeuvres  were  established  which  appeared  to  be  very  promising  with  a  view  to  provide  data 
from  which  accurate  estimation  of  the  aerodynamic  coefficients  could  be  obtained!  These  sets. contained  both 
doublet  and  multistep  input  signals,  but  also, other  types  of  manoeuvres  were  included  to  attain  the  proposed 
objective. 

A  distinction  has  been  made  between  manoeuvres  for  the  identification  of  the  longitudinal  and  of  the  lateral- 
directional  stability  and  control  derivatives. 

'•*.2.2  Lonaitudinal  derivatives 

The  manoeuvres  investigated  for  the  determination  of  the  longitudinal  derivatives  were: 

-  3211  manoeuvre  (multistep  elevator  input) 

-  Level  turn  manoeuvre 

-  Pul  1-up /Push-over  manoeuvre 

-  Untrimmed  flight  , 

In  the  following  a  brief  description  is  given  of  each  manoeuvre  individually: 

3211  manoeuvre  (multistep  elevator  input) 

The  3211-signal  consists  of  a  series  of  alternating  step  inputs  of  which  the  duration  satisfies  the'  ratio 
3:2:1: 1  (i.e.  3  time  units  positive,  2  negative,  1  positive  and  1  negative).  Because  of  its  simplicity  the 
manoeuvre  is  very  easy  to  perform  manually.  The  multistep  signal  has  a  rather  wide  bandwidth  compared  to 
the  other  input  signals.  Thi3  allows  an  effective  excitation  of  the  aircraft  .over  a  large  frequency  range. 

By  proper  selection  of  the  time  unit  the  maximum  of  the  energy  spectrum  can  be  concentrated  around  the  short 
period  fi  :quency  of  the  aircraft. 

Figu.:-  8a  presents  time  histories  of  this  input  signal  and  -of  the  resulting ,aircraft  response.  Since 
‘here  is  3trong  resemblance  between  the  &  and  q  motion  variables,  it  is  unlikely  that  a  good  estimate  of 
the  a  and  q  derivatives  can  be  obtained  from  this' type  of  manoeuvre. 

Level  turn  manoeuvre 

During  this  manoeuvre  the  aircraft  is  banked  into  a'15  degree  roll  attitude,  which  is  kept  steady  for  several 
seconds,  after  which  the  aircraft  is  rolled  to  a  degree  bank  into  the  opposite  direction.  After  some 
seconds  this  steady  turn  is  completed  with  a  roll  to  the  initial  wings  level  condition.  A  constant  altitude 
is  maintained  during  the  manoeuvre  by  the  application  of  additional  power.  The  result  is  an  S-ty$e  flight 
path  in  the  horizontal  plane  whereby  the  headinsp  at- beginnirg  and  end  of  the  manoeuvre  are  approximately 
equal. 

The  objee*  ve  of  this  manoeuvre  is  to  obtain  a  decoupling  of  the  d  and  q  notion.  During  the  steady  part  of 
the  turns  >e  angle  of  attack  is  constant,  while  the  pitch  rate  follows  from: 

q  *  y  tan  +  sin  ♦  (1. l ) 

Note  that  thio  manoeuvre  always  yields  positive  pitch  rates  q  for  both  positive  and  negative  bank  angles  ♦. 
Time  histories  of  this  manoeuvre  are  presented  in  figure  8b.  . 

It  should  be  emphasized  that  the  measurements  do  not  on.'y  include  the  quasi-sfceady  parts  of  the  manoeu¬ 
vre,  but  also  thi  non-steady  initiation  and  roll-out  of  the  turn.  -  • 

.Pull-up/push-over.  manoeuvre  (pupo) 

During  this  manoeuvre,  also  called  a  "roller-coajter"  manoeuvre,  the  aircraft  is  pulled  up  with  a  cer¬ 
tain  normal  acceleration  e.g.  1.5  g  and  after  that  pushed  over  with  about  0.5  g.  For  configurations  in  the 
.ov  speed  regime  the  speed  will  vary  considerably,  whereas  for  high  speed  the  speed  remains  almost  constant. 

For  low  speeds  it  is  reconmerided  to  carry  out  this  manoeuvre  in  the  reversed  sequence  in  order  to  pre¬ 
vent  the  aircraft  from  stalling.  Time  histories  of  a  pupo,  are  shown  in  figure  8c.  This  figure  shows  that  a 
and  q  are  very  different  in  a  pupo,  but  that  there  is  a  strong  correlation  between  a  and'q. 


( 
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In  Appendix  A  it  is  shown  that  the  same  relation  exists  between  a,  a  and'q  in  a  3211  as  in  a 
pupo.  In  a  level  turn  this  relation  is  different  {see  figure  9a),  so  it  ran  be  expected  to  yield  the  addi¬ 
tional  information.  In  additioh  the  ratio  between  the  pitch  rate  and  the  normal  acceleration  is  also  more 
favourable  in  the  level  tuin  (see  figure  9b).  Therefore,  the  pupo  can  only  be  recommended  in  the  case  that 
a  strong  interference  between  the  lateral  and  the  longitudinal  motion  is  expected  in  the  level  turn. 

Untrimmed  flight 

In  all  the  previous  manoeuvres  the  stabilizer  setting  was  kept  constant,  consequently  these  manoeuvres  do 
net  provide  the  necessary  information  for  the  determination  of  the  stabilizer  derivatives.  In  order, to  ob¬ 
tain  this  information,  an  untrimmed  flight  manoeuvre  was  introduced.  During  this  manoeuvre  the  stabilizer 
angle  is  changed  by  means  of  the  trim  switch,  while  at  the  same  time  the  pitching  moment  balance  is  main¬ 
tained  by  an  equivalent  amount  of  elevator  deflection.  This  exchange  between  elevator  and  stabilizer  control 
is  performed  over  a  large  range  of  stabilizer  angles  to  both  sides  of  the  initial  trim  condition.  The 
aircraft  state  variables  such  as  airspeed,  attitude  and  altitude  are  kept  as  close  as  possible  to  the  initial 
reference  condition.  Hence  this  is  more  or  less  a  steady  flight  condition  and  only  information  about  the 
(ratio  of)  the. control  derivatives  can  be  derived.  ■ 

Summarizing  it  can  be  stated  that  the  complete  set  of  longitudinal  stability  and  control  derivatives  can  be 
obtained  from  a  3211,  a  level  turn  and  an  untrimmed- flight  manoeuvre. 

L.2.3  Lateral-directional  derivatives 

The  manoeuvres  investigated  for  the  determination  of  the  lateral-directional  stability  and  control 
derivatives  were: 

-  roll  manoeuvres 

-  rudder  doublets 

A  brief  description  of  these  manoeuvres  is  given  below. 

Roll  manoeuvres 

Roll  manoeuvres  have  been  included  for  the  determination  of  the  aileron  and  roll  rate  derivatives.  The 
manoeuvre  starts  with  an  aileron  step  input  to  the  left,  whereby  the  rolling  motion  is  continued  until  a 
bank  angle  of  about  1*5  degrees  is  reached.  Then  the  ailerons  are  neutralized  for  a  short  time,  after  which 
an  aileron  step  input  to  the  right  is  applied,  until  a  wings-level  attitude  is  reached.  Finally  the  same 
procedure  is  repeated  rolling  to  the  right.  Thus  each  roll  manoeuvre  includes  four  step  aileron  inputs  and 
covers  a  bank  angle  range  frem  1*5  to  -1*5  degrees.  > 

lime  histories  of  the  motion  variables  for  a  typical  roll  manoeuvre  are  presented  in  figure  10a. 

Rudder  doublets 

For  the  determination  of  the  rudder  and  yaw  rate  derivatives  a  rudder  doublet  has  been  included  in  the  set 
of  lateral-directional  flight  test  manoeuvres.  The  duration  of  the  doublet  signal  is  adapted  to  the  frequen¬ 
cy  of  the  dutch  roll  mode  of  the  aircraft.  Figure  10b  shows  a  typical  aircraft  response  to  a  rudder  doublet. 

During  a  rudder  doublet  the  6  are  r  signals  are  very  similar  (although  in  opposite  phase).  Hence  it  is 
not  possible  to  identify  the  individual  stability  derivatives  for  both  the  B  and  r  derivatives  from  only  a 
rudder  dcublet.  This  correlation  between  jj  and  r  is  much  less  during  a  roll  manoeuvre,  consequently  the 
corresponding  derivatives  can  be  identified  better  in  this  manoeuvre.  This  is  true  notwithstanding  the  fact 
that  magnitude  of  B  and  r  is  much  less  during  a  roll  manoeuvre. 

The  results  of  the  simulator  investigation  confirm  that  the  use  of  a  combination  of  a  roll  manoeuvre 
and  a  rudder  doublet  yields  good  estimates  not  only  for  the  rudder  and  aileron  derivatives,  but  also  for  the 
rate  and  sideslip  derivatives. '  Another  interesting  result  was  that  the  addition  of  measurements  frost  steady 
sideslips  did  not  improve  the  results  at  all,  consequently  the  recommended  set  of  lateral-directional  sta¬ 
bility  and  control  manoeuvres  consists  of  roll  manoeuvres  and  rudder  doublets. 

L.3  Te3t  results 
I*. 3.1  Introduction 

'  The  various  manoeuvres  have  been  evaluated  for  different  flight  conditions  and  aircraft  configurations 
during  the  flight  simulator  investigation.  The  23  recorded  motion  and  control  variables  were  analyzed  with 
the  PIAS  program.  A  limited  flight  test  program  was  carried  out  subsequently,  with  the  Fokker  F28-A1  proto¬ 
type  aircraft,  in  order  to  check  the  iloulation  results  with  results  obtained  in  the  real  flight  environ¬ 
ment  . 

Flight  test  experience  regarding  the  determination  of  the  longitudinal  stability  and  control  derivative# 
was.  already  obtained  during  the' previous  flight  test  program  whereby  results  obtained  from  the  sinusoidal 
elevator  input  signals  were  evaluated.  Therefore,  during  the  recently  executed  flight  tests  emphasis  warn 
given  to  the  manoeuvres  concerning  the  determination  of  the  lateral-directional  stability  and  control  deri¬ 
vatives. 

I.:  the  present  section  the  results  of  both  simulator  tests  and  flight  tests  will  be  discussed. 

I*.  3.2  Longitudinal 

The  simulator  tests,  concerning  the  determination  of  the  longitudinal  stability  and  control  results 
included  the  three  considered  manoeuvres. 

-  3211  elevator  manoeuvre 
*  level  turn  manoeuvre 

-  pull-up/push-over  manoeuvre  ’ 

Furthermore  the  ratios  between  the  stabi.lizer  and  elevator  derivatives  were  determined  from  a  simulated  ua- 
trimaed  flight  manoeuvre. 

The  measurement  data  were  analysed  for  the  three  aerodynamic  models  vit.  the  drag,  lift  mi  pitching 
moment  model.  In  order  to  improve  the  realism  of  the  simulator  measurements,  no' se  was  added  to  the  synthetic 
data.  Both  individual  manoeuvres  and  combinations  of  manoeuvres  were  processed.  In  total  T  different  eases 
(3  individual  and1*  combinations  Of  manoeuvres)  were  considered  hereby. 


By  way  of  illustration  in  figure  11  tne  pitching  moment  results  are  shown  for-  a  high  speed  cruise  con¬ 
dition  and  forward  center  of  gravity.  The  plots  in  this  figure  show  clearly  that,  in.  Order  to  obtain  the 
most  accurate  coefficients,  combinations  of  manoeuvres  have  to  be  processed,  instead  of  making  separate 
analyses  for  individual  manoeuvres.  Moreover  it  appears  that  a  combination  has  to  include  a  level  turn 
manoeuvre  (see  nr.  5,  6  and  7),  since  the  combination  of  3211  and  pupo  manoeuvre  ( nr-  L)  does  not  yield 
satisfactory  results.  An  explanation  for  this  has  been  given  in  appendix  A.  Similar  results  were  obtained 
for  the  coefficients  of  the  lift  and  drag  models. 

1.3.3  Lateral-directional 

Simulator  tests  were  also  carried  out  for  the  roll  manoeuvres  and  the  rudder  doublets,  which  ar”  .“.tend¬ 
ed  to  provide  the  lateral-directional  stability  and  control  derivatives.  Measurements  were  executed  for 
flight  conditions  and  aircraft  configurations  that  covered  the  greater  part  of  the  flight  envelope.  Noise 
was  added  to  the  recorded  (noise-free)  simulation  data,  before  the  coefficients  in  the  side  force,  rolling 
moment  and  yawing  moment  models  were  determined  by  the  regression  program. 

As  an  example  the  estimated  coefficients  of  the  yawing  moment  model  are  presented  in  figure  12,  which 
belong  to  a  high  speed  cruise  condition  with  forward  center  of  gravity. 

The  plots  show  the  various  coefficients  as  derived  from  processing  the  data  of  an  individual  manoeuvre  (nr. 

1  and  2).  ard  of  an  analysis  of  a  combination  of  both  manoeuvres  (nr.  3).  These  results  show  that  processing 
of  the  data  of  two  different  manoeuvres  together  yield  a  better  result  than  the  processing  of  each  manoeuvre 
individually.  Although  it  is  not  shown  by  these  plots,  it  turned  out  that  the  addition  of  data  from  steady 
sideslips  has  no  effect  cn  the  final  result. 

In  a  following  flight  test  program  with  the  Fokker  F28  A1  prototype  aircraft  the  results  of  this  simu¬ 
lator  investigation  have,  been  validated.  As  an  example  of  these  flight  test  results  the  estimated  coefficients 
of  the  lateral-directional  model  have  been  presented  in  figure  13  for  a  flight  condition  which  is  almost 
the  same'  as  that  of  the  simulator  results  discussed  previously.  The  main  difference  between  the  simulated 
and  the  flight  test  condition  is  a  difference  in  centre  of  gravity  position  (simulated:  forward  c.g.  flight 
test:  aft  c.g).  The  reference  values  depicted  in  the  plots  have  been  derived  from  the  Fokker  F28  flight 
simulator  data. 

Results  have  been  presented  for  two  rudder  doublets  and  two  roll  manoeuvres.  Both  results  of  individual 
manoeuvres  (nrs.  1  and  2  in  the  plots)  and  results  of  combinations  of  different  manoeuvres  (nr.  3)  have  been 
depicted.  The  result, of  the  combination  of  two  rudder  doublets  and  two  roll  manoeuvres  is  indicated  by  nr.  1 . 

Also  for  this  case  applied  that  +v  j  best  results  are  obtained  by  processing  combinations  of  different 

types  of  manoeuvres.  Taking  into  account  the  magnitudes  of  the  standard  deviations,  a  comparison  with  the 
reference  values  learns  that  all  identified  coefficients  except  the  yaw  rate  derivatives,  are  in  good  agree¬ 
ment  with  the  reference  values.  Moreover  the  consistency  of  the  results  is  also  satisfactory. 

So  far  as  the  discrepancies  -'n  the  yaw  rate  derivatives  are  concerned,  it  has  to  be  remarked  that  the 
considered  model  did  not  include  6-terns.  The  differences  between  the  reference  values  and  the  quantities 
derived  from  the  flight  test  measurements  may  partially  be  attributed  to  fi  effects.  Since  the  flight  simula¬ 
tor  model  does  not  incorporate  fa  effects,  these  differences  did  not  appear  in  the  simulator  results  of 
figure  12.  It  has  to  be  remarked,  however,  that  the  reference  values  for  the  yaw  rate  derivatives,  such  as 
Cv^  and  ,  have  been  derived  from  theoretical  methods  of  which  the  accuracy  is  uncertain. 

Finally  the' flight  test  results  confirm  the  results  of  the  flight  simulator  investigation,  concerning 
the  importance  of  processing  combinations  of  different  types  of  manoeuvres. 

5.  CONCLUSIONS 

The  research  described  in  this  paper  applied  the  Two-Step  method  to  extract  performance  and  stability 
and  control  characteristics  from  dynamic  manoeuvres  for  a  jet  transport  aircraft.  The  following  conclusions 
can  be  drawn  based  on  the  results  reported  in  this  paper: 

•-  Successful  application  of  dynamic  flight  test  techniques  requires  an  accurate  instrumentation  system, 
proven  flight  test  manoeuvres  and  sophisticated  data  processing  and  analysis  software. 

-  Performance  characteristics  can  be  determined  accurately  from  dynamic  flight  tests.  The  accuracy  is  only 
limited  by  the  uncertainty  in  the  calculation  of  the  engine  thrust  and  by  changes  in  the  wind  velocity. 

The  application  of  inertial  navigation  .equipment  allows  a  further  improvement  in  the  latter  factor. 

-  The  determination  of  stability  and  control  characteristics  from  a  suitable  selection  of  simple,  manually 
flown  manoeuvres  is  possible  by  combining  the  manoeuvres ' in  the  analysis. 

-  The  Two-Step  method  makes  the  rapid  evaluation  of  a  large  number  of  alternative  aerodynamic  models  possible. 
Due  to  the  interactive  nature  .of  the  analysis,  program  full  use  can  be  made  of  the  engineering  judgement 

of  the  analyst . 

-  The  use  of  a  moving-base  simulator  is  of  great  value  in  the  preparation  of  dynamic  flight  tests.  It  allows 
the  evaluation  of  the  manoeuvres  as  well  as  the  familiarization  of  the  pilot  in  a  controlled  environment. 

.6.  POSTSCRIPT  .  ,  - 

Currently  work  is  going  on  at  NLR  in  two  major  areas.  'The  first  is  the' evaluation  of  the  method  for 
turboprop  powered  aircraft.  A  first  flight  teat  in  a  Fokker  F2T  is  nos-  being  analyzed.  The  second  is  the 
improvement  of  the  processing  and  analysis  software  which  will  allow  ,the  operational  use  of  this  method. 

The  main  emphasis  in  the  improved  software  will  be  on  the  traceability  of  the  results.  The  results  do 
not  only  depend  on  the  flight  test  data;  but  also  on  a  large  body  of  additional  information,  such  as  cali¬ 
bration  data,  position  error  corrections,  sensor  positions,  data  selections,  processing  options,  a  priori 
aerodynamic  models  used  in  the  reduction  program,  c.g.  location,  etc.  This  problem  will’  be  solved  by 
archiving  the  final  results  together  with  the  original  flight  test  data  and  all  additional  information 
necessary  to  reproduce  these  results.  In  the  process  an  attempt  will  be  made  to  reduce  the  manual  labor 
in  the  operation  of  the  programs. and  improve  the  user  interface.  _ 
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APPENDIX  A  , 

Relation  between  a,  a  and  q  in  the  longitudinal  manoeuvres 
In  symmetric  manoeuvres,  such  as  the  3211  and  the  pupo ,  the  elevator  input  causes  an  increase  in  lift 


AL  =  m  a 


n 


in  which 
and 

Hence 


AL  =  JpV2S  CT  Aa 


Aa 


Vy  =  V  (q-a) 


ac 

_L  -  P-5.1 

2m 


2u 


(A.1) 


Since  this  relation  holds  ."or  both  the  3211  and  the  pupo  manoeuvre,  it  is  clear  that  for  Cl  =  constant 
and  for  pc  =  constant  the  identifiability  of  the  stability  derivatives  like  and  C_  from  a  321 1 

or  a  pupo  or  from  a  combination  of  both  manoeuvres  will  be  poor. 

The  lift  increase  during  the  steady  part  of  a  level  turn  with  bank  angle  ♦  satisfies  the  equation: 

Ai»mg  ( — ~  -  1.) 

\cos  ♦  / 

AL  *  }pV2S  CL  Aa  . 

fery-1)"  •  '  (A*2) 


and  also 
•Hence 


2  m  g 


For  the  pitch  rate  during  the  turn  applies 

q  *  &  tan  4  sin  ♦  =*  y  ( 1-cos2  ♦)/cos  i 

Dividing  (A. 3)  cy  (A. 2)  yields 


q/Aa 

qc/V 

Aa 


p  V  q 
2m  " 

CL„ 
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CLa  ( 1+cos  ♦) 
(1+COS  $) 


(A. 3) 


(A.U) 


A  comparison  of  expression  (A.U)  with  the  corresponding  expression  for  that  part  of  the  pupo  (A.1)  where 
the  5  =  0,  shows  that  the  qc/V/Aa  ratios  for  the  two  manoeuvres  differ  by  a  factor- 1+cos  ♦  .  This  relation  is 
s'  own  in  figure  9a.  The  ratio  is  about  2  for  small  bank  angles  and'  reduces  to  1  for  largr  bank  angles,  which 
means  that  in  the  latter  case  the  identification  of  C,,^,  and  Cm  will  again  be  poor.  Althoughthe  1+cos  ♦ 
relation  suggests  that  bank  angles  close  to  zero  would  yield  the  largest  separation  between  the  derivatives, 
it  is  clear  that  this  also  means  very  small  pitch  rates.  The  simulator  tests  showed  that  a  bank  angle  of 
U5  degrees  yields  a  reasonable  compromise. 

The  pitch  rate  during  the  section  of  the  pupo  were  5=0  equals 


9  *  y  (n-1) 

whereas  for  the  level  turn  the  pitch  rate  amounts  to 

q  “  ff'  (n-l/n) 


(A. 5) 


(A.6) 


Figure  9b  presents  qV/g  aa  a  function  of  n  for  both  types  of  manoeuvres,  which  shows  that  the  level  turn 
is  also  more  efficient  in  producing  pitch  rates  than  the  pupo. 


Fig.l  Body  fixed  and  at r- trajectory  refer¬ 
ence  frames 


Fig.  3a  Processing  of  dynamic  manoeuvres 
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SUMMARY 

Grumman  has  been  pursuing  the  implementation  and  evaluation  of  advanced  parameter  identification 
software  for  use  in  flutter  test  da*~  processing  operations  at  its  Automated  Telemetry  Station.  They 
have  been  motivated  by  aircraft  design  tending  toward  thin,  lightweight  aircraft  structures,  which  make 
it  difficult  to  use  authoritative  shaker  systems,  and  the  continuing  development  of  high-speed  digital  com¬ 
puter  technology.  Started  in  1981,  this  development  activity  is  aimed  at  establishing  an  on-line  process¬ 
ing  capability,  in  the  1985  time  frame,  that  will  initially  use  the  maximum  likelihood  parameter  identifi¬ 
cation  algorithm  in  conjunction  with  a  detailed  physical  aeroelastic  aircraft  model  to  perform  optimal 
flutter  test  data  analysis.  Extended  Kalman  filtering  is  being  considered  for  eventual  use  as  a  second 
advanced  parameter  identification  method.  A  mathematical  description  of  the  advanced  parameter  iden¬ 
tification  approach  and  Grumman’ s  current  least-squares  flutter  analysis  procedures  are  presented.  In 
addition,  a  comparison  between  this  current  analysis  capability  and  prototype  code  Cor  the  maximum 
likelihood  parameter  identification  algorithm  on  response  data  excited  randomly  (via  atmospheric  tur¬ 
bulence)  and  by  swept  frequency  shaker  inputs  indicates  a  significant  improvement  in  analysis  results 
with  the  advanced  method,  v  '  ■ 


1.  INTRODUCTION  ' 

Grumman  Aerospace  Corporation  has  been  using  parameter  identification  methods  to  analyze  flight 
test  flutter  response  data  from  the  early  1970s  when  its  Automated  Telemetry  Station  in  Caiverton,  New 
York,  first  became  operat’onal.  This  facility  was  built  to  reduce  the  time  required  to  complete  the 
F-14A  and  subsequent  aircraft  flight  test  programs.  In  addition  to  telemetry  data  acquisition,  mass 
data  storage,  and  visual  display  equipment,  the  station  contains  a  high  speed  digital  mainframe  com¬ 
puter  to  allow  ground  personnel  to  analyze  aircraft  flight  test  data  as  it  is  being  generated.  This  on-line 
processing  system  was  designed  to  enable  test  engineers  to  use  relatively  complex  analytical  algorithms 
on  telemetered  test  data  to  maximize  the  answers  obtained  during  a  flight  and  provide  a  means  for 
achieving  rapid  envelope  expansion.  ■ 

Before  the  availability  of  on-line  digital-computer-aided  data  analysis,  flutter  testing  methods  relied 
primarily  on  manual  and  analog  techniques  such  as  log  decrement  signatures  from  multiple  abrupt  con¬ 
trol  surface  inputs  or  numerous  shake  and  stops,  recipiocal  amplitude  trends  and  extrapolations  using 
mass  shakers,  vector  plotting  techniques,  etc.  These  methods  for  determining  aeroelastic  stability 
were  adequate  for  handling  the  classical  analysis  of  clean  signals  which  contained  modes  that  were  not 
strongly  coupled.  But,  they  degraded  significantly  in  the  presence  of  turbulence,  or  on  multimodal  or 
highly  damped  response  signals.  It  was  obvious  to  Grumman  that  compute?  compatible  versions  of  these 
older  methods  could  not  satisfy  the'  F-14A  test  program  requirements  for  a  fast  and  accurate  flutter  data 
analysis  capability. 

In  1969,  a  parameter  identification  method  was  proposed  for  the  eventual  analysis  of  F-14A  flutter  re- 
.  sponse  data  in  the. Automated  Telemetry  Station.  The  proposed  technique  used  a  linear- system  dif- 
.  ference -equation  m<  del  of  flutter  dynamics  and  a  least-squares  equation-error  identification  algorithm 
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to  extract  modal  resonant  frequency  and  damping  coefficient  information  from  digitally  filtered  excitation 
and  response  data.  This  approach  was  readily  accepted  because  of  its  clear  superiority  over  the  older 
methods.  The  technique  was  computationally  efficient  and  could  handle  fast  shaker  sweeps  (2  to  70  Hz 
in  15  sec)  enabling  it  to  rapidly  analyze  data  in  a  near-real-time  environment.  Variable  sized  difference 
equation  models  could  be  used  to  process  multimodal  (highly  coupled)  response  data.  Highly  damped 
response  signals  could  also  be  analytically  handled.  Starting  in  1971  this  technique  was  successfully 
used  on  the  F-14A  flutter  program  where  the  bulk  of  the  data  consisted  of  swept  frequency  shaker  ex¬ 
cited  signals  having  a  relatively  high  signal  to  noise  ratio.  As  initially  installed  on  a  Control  Data  Cor¬ 
poration  6400  computer,  analysis  time  per  15  sec  sweep  typically  averaged  less  than  1  min  with  less 
than  one-half  of  the  computer’s  resources  devoted  to  the  on-lina  processing  task. 

Development  and  refinement  of  the  least-squares  difference -equation  identification  software  continued 
at  Grumman  through  1976.  Most  of  the  development  activity  was  centered  on  reducing  algorithm  sus¬ 
ceptibility  to  noise  effects  and  providing  options  to  analyze  data  excited  via  random  sources  such  as 
atmospheric  turbulence.  This  processing  capability  was  necessary  in  order  to  handle  test  situations 
where  authoritative  shaker  systems  were  not  available  or  economically  feasible.  The  abilicy  of  the 
technique  to  handle  noisy  data  was  significantly  improved  by  optionally  replacing  filtered  response  and 
excitation  data  with  specially  computed  cross  and  autocorrelation  functions  of  these  signals.  However, 
the  proper  use  of  correlation  methods  generally  required  longer  data  records  and  a  significant  increase 
in  computational  time.  Reference  1  gives  a  detailed  description  of  how  cross-correlation,  autocorrela¬ 
tion,  random  decrement  signature,  and  frequency  domain  windowing  techniques  were  used  in  conjunction 
With  the  least-squares  difference-equation  identification  approach  to  determine  the  frequency  and  damp¬ 
ing  of  flutter  modes  from  data  excited  either  by  deterministic  or  random  means.  With  the  exception  of 
some  software  repackaging  and  minor  operational  modifications  aimed  at  simplifying  software  use  (com¬ 
pleted  by  1976)  the  analytical  capabilities  defined  in  Reference  1  essentially  reflect  Grumman’s  current 
techniques  for  on-line  flutter  test  data  processing.  A  mathematical  description  of  this  processing  capa¬ 
bility  is  contained  in  subsection  3. 3. 

The  long-standing  goals  for  on-line  flight  test  data  analysis  are  to  improve  safety  of  flight  and  reduce 
overall  program  cost.  In  aircraft  flutter  testing,  improved  safety  of  flight  can  be  realized  by  imple¬ 
menting  more  comprehensive  analysis  methods  for  accurately  determining  aeroeiastic  stability  at  a 
given  test  point  and  for  predicting  the  stability  margin  at  the  next  flight  condition.  Cost  reduction  can 
usually  be  tied  to  shortening  the  flight  test  program  and  minimizing  the  requirement  for  high  quality 
shaker  systems.  In  1981,  Grumman  initiated  an  advanced  development  project  aimed  at  providing  a 
state-of-the-art  flutter  test  data  analysis  capability  for  both  on-line  and  off-line  support  of  aircraft  test 
programs  for  the  mid-1980s  and  beyond.  A  major  improvement  in  flight  flutter  data  analysis  capability 
was  needed  with  new  aircraft  designs  tending  toward  thin,  iightweightaerodynamic  structures  that  inhibited 
installation  of  traditional  forced  excitation  devices.  Grumman’s  specific  requirement  is  for  analysis 
procedures  that  will  handle  randomly  excited  {shakerless)  or  poor  quality  shaker  excited  data  in  an  opti¬ 
ma'.  fashion,  in  a  near-real-time  operating  environment.  An  overview  of  the  approach  Grumman  is 
pursuing  is  contained  in  Section  2.  1  This  is  followed  in  Section  3  by  a  mathematical  description  of  the 
new  and  existing  techniques.  Preliminary  analysis  results  obtained  in  evaluating  the  relative  accuracy 
of  the  new  and  existing  methods  are  demonstrated  in  Section  4. 

2.  ADVANCED  FLUTTER  DATA  ANALYSIS  CAPABILITY 

Continued  advances  in  high-speed  computer  technology  have  made  it  feasible  to  consider  using  ad¬ 
vanced  parameter  identification  methods  in  the  on-line  analysis  of  aircraft  flutter  response  data.  These 
advanced  methods  can  be  interfac.  d  with  detailed  physical  (engineering)  models  for  aircraft  flutter  dy¬ 
namics  to  produce  software  capable, of  performing  analysis  on  shakerless  or  shaker  excited  data  m  an 
optimal  fashion.  As  long  as  processed  software  test  results  coincide  with  dynamic  model  extrapolations, 
large  incremental  steps  can  be  taken  during  aircraft  envelope  expansion  testing.  This  mode  of  operation 
reflects  a  significant  departure  from  extrapolating  measured  modal  frequency  and  damping  results  to  ob- 
•  tain  estimates  for  flutter  stability  margin.  Scatter  in  results  extracted  from  measured  data  with  existing 
analysis,  methods  (particularly  damping  values)  often  makes  such  predictions  risky  (see  Reference  2).  The 
goal  this  new  approach  is  to  use  measured  test  data  to  confirm  the  validity  of  rigorously  derived  engi¬ 
neering  flutter  models.  These  models  would  be  used  as  the  basic  means  of  making  accurate  flutter  mar¬ 
gin  projections.  Significant  discrepancies  between  projected  and  measured  results  would  signal  an  evattt* 
ation  and  possible  adjustments  to  the  models  to  ref  lept  unexpected  effects  existing  in  the  measured  test  data. 

Figure  1  represents  a  conceptual  overview  of  the  advanced  flutter  test. data  analysis  capability  as  it 
would  eventually  be  used  in  on-line  test  support.  Most  significantly,  when  engineering  flutter  dynamic 
models  were  available  (which  would  generally  be  true  for  Grumman  flutter  test  programs),  they  would 
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Fig.  1  Conceptual  Overview  of  Advanced  Flutter 
Tart  Data  Analysis  Capability 

be  used  to  initialize  parameter  identification  software  models  for  analyzing  data  at  specific  test  points, 
and  to  extrapolate  anticipated  test  results  at  upcoming  test  points.  Agreement  between  calculated  and 
extrapolated  results  would  allow  larger  speed  increments  to  be  taken  during  envelope  expansion.  Thus, 
the  successful  tie-in  of  advanced  parameter  identification  test  data  analysts  with  detailed  engineering 
flutter  models  can  result  in  a  large  pay-off  in  reduced  test  duration,  increased  safety  of  flight,  and  con¬ 
firmation  of  flutter  dynamic  modeling  techniques.  When  engineering  flutter  models  were  not  available 
or  when  minor  discrepancies  between  modeled  and  parameter  identification  results  existed,  smaller 
steps  would  be  taken  during  expansion  testing.  In  either  event,  the  improved  accuracy  of  the  advanced 
parameter  identification  methods  would  minimize  the  risk  associated  with  making  flutter  margin  ex¬ 
trapolations  from  measured  modal  frequency  and  damping  results. 

For  flutter  test  data  analysis,  the  parameter  identification  process  consists  of  determining  estimates 
for  the  lumped  parameter  coefficients  in  the  linear  equations  of  motion  for  aircraft  flutter  dynamics  at 
a  given  test  condition.  In  turn,  these  coefficients  are  used  to  define  the  margin  of  stability  at  the  test 
condition  (normally  quoted  in  terms  of  associated  modal  damping  coefficients).  The  advanced  parameter 
identification  methods  being  considered  by  Grumman  are  the  maximum  likelihood  and  extended  Kalman 
filter  procedures.  To  minimize  the  time  required  for  a  prototype  capability,  Grumman  decided,  in  late 
1982,  to  implement  and  evaluate  the  maximum  likelihood  method  (considered  to  be- more  computationally 
efficient  and  rigorously  derived)  before  proceeding  with  the  extended  Kalman  filter  method.  Both  of 
these  methods  require  an  initial  estimate  for  the  flutter  equations  of  motion  which  are  being  implemented 
to  permit  the  analyst  to  select  variable  sized  dynamic  models.  When  available,  these  models  would 
coincide  with  engineering  flutter  models  lor  the  test  conditio-  ;  to  be  flown,  otherwise,  they  would  be 
determined  from  frequency  domain  analysis  of  the  actual  test  data  or  from  models  supplied  by  cognizant 
test  personnel. 

Maximum  likelihood  and  extended  Kalman  filter  methods  have  romacrc  v.ist -squares  equation-error 
parameter  identification  techniques  as  state-of-the-art  procedure  serence  3),  and  are  likely  to 

remain  at  the  forefront  of  parameter  identification  activity  for  t  cable  future.  Both  approaches 

use  a  Kalman  filter  as  an  inherent  part  oi  their  identification  This  makes  them  particularly  well 

suited  to  identifying  system  parameters  in  the  presence  of  bot,.  -sure merit  and  process  noise  (in 

flutter  test  data  analysis  gust  or  atmospheric  turbulence  is  a  process  noise  effect  that  is  often  dominant 
in  the  response  data).  Both  techniques  are  capable  of  mulv/.ing  randomly  excited  (shakerless)  flutter 
response  data  as  Well  as  shaker-excited  data  in  a  near -optimal  fashion.  Optimal  implies  parameter  es¬ 
timates  that  are  statistically  consistent,  asymptotically  unbiased,  and  asymptotically  efficient  in  'he  ab¬ 
sence  of  significant  modeling-errors.  •  .  •  ’  ' 
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When  compared  to  Least-squares  equation-error  techniques  these  advanced  parameter  identification 
methods  require  a  significant  increase  in  computational  capability.  However,-  Grumman  estimates  that 
tney  can  be  effectively  implemented  in  support  of  on-line  test  data  analysis  activities  on  modern  high¬ 
speed  peripheral  array  processors.  When  one  considers  the  near-term  availability  of  supercomputers 
and  the  relatively  long  development  time  required  to  perfect  effective  operational  software,  it  is  wise  to 
initiate  new  development  activities  several  years  in  advance  of  actual  hardware  availability.  Grumman 
is  presently  modernizing  its  on-line  processing  capability  at  the  Automated  Telemetry  Station.  The  sta¬ 
tion  will  be  reconfigured  to  reflect  a  distributed  data  processing  architecture  (see  Reference  4)  with  both 
minicomputers  and  mainframes  communicating  via  a  high  speed  data  network  to  mutually  participate  in 
on-line  test  data  analysis  operations.  One  of  the  minicomputers  will  have  a  dedicatedattached  Floating 
Point  Systems  164  array  processor  to  support  computationally  intensive  processing  tasks  such  as  the 
subject  advanced  flutter  data  analysis' capability.  An  operational  interactive  version  of  this  capability  on 
the  164  array  processor  is  presently  targeted  for  late  1984  with  on-line  capability  ready  in  rriid-1985.  • 
Network  communications  with  the  existing  mainframe  at  the  Automated  Telemetry  Station  (presently  a 
Cyber  740)  or  a  remote  Cray  1  supercomputer  (to  be  network  connected  via  a  microwave  link)  will  be 
available  to  supplement  data  processing  capacity. 


MATHEMATICAL  DESCRIPTION 


3. 1  Physical  System  Modeling 


The  aircraft  aeroelastic  equations  of  motion  and  corresponding  measurement  relationship,  comprising 
the  engineering  flutter  dynamic  model,  can  be  defined  in  the  following  physical  first  order  form 

Ay'  +  By'=G'u4W'wQ  , 

z  =  H'y '  +  *4  .  (D 

Actual  system  measurements  are  elements  of  the  vector  z,  H'  is  the  constant  element  measurement 
matrix  and  p  represents  measurement  noise.  The  physical  state  vector  y'  has  elements  corresponding 
to  the  generalized  modal  and  unsteady  aerodynamic  coordinates  the  aeroelastic  system.  A,  B,  G',  and 
W'  are  all  treated  as  constant  element  matrices.  Actually,  many  elements  vary  with  aircraft  altitude 
and  velocity,  but  these  latter  quantities  are  generally-  held  constant  over  the  interval  of  interest  (test 
condition).  The  term  u  represents  an  intentionally  introduced  excitation  vector  (elements  corresponding 
to  shaker  inputs,  etc. )  while  wa  represents  the  process  noise  excitation  vector  corresponding  to  gust 
effects  (atmospheric  turbulence)  as  defined  by  the  equation 


.B,  =  Jlf  "  a'  “"M Er(rWr  . 


lit  the  derivation  of  Eqs.  (1)  and  (2),  (see  Reference  5)  it  is  assumed  that  the  pressure  distribution  on 
the  aircraft  can  be  approximated  by  constant  pressures  on  a  set  of  aerodynamic  boxes  into  which  the 
surface  of  the  aircraft  has  been  subdivided.  As  defined  ih  Eq.  (2),  the  elements  of  the  vector  w  repre¬ 
sent  the  time  varying  gust  intensity  on  each  box.  The  constants  a'  and  or'  are  chosen  to  reflect  the  in- 
dicial  response  characteristics  of  the  aircraft.  The  pressure  distribution  on  the  boxes  is  directly  pro¬ 
portional  to  Wjj  with  the  elements  of  W',  see  Eq.  (1),  providing  generalized  force  scaling. 

An  alternate  form  for,  definition  of  the  engineering  flutter  dynamic  model  is 
X  =  Fe  X+GeU  +  Wevb  , 

z  =  Hej<+p.'  (3) 


This  classical  first  order  form  is  convenient  for  numerically  calculating  system  response  to  known  ex¬ 
citation  and  noise  signals.  However,  in  the  analysis  of  flutter  flight  test  data,  process  and  measure¬ 
ment  noise  effects  are  unknown.  The  advanced  parameter  identification  algorithms  require  integration 
of  the  ass.ur.ied  system  equations  of  motion  which  they  accomplish  via  a  Kalman  filter  state  estimator 
(see  Reference  6).  This  estimator  statistically  accounts  for  process  and  measurement  noise  effects  by 
considering  them  to  originate  from  uncorrelated  zero-mean  Gaussian  white  sources.  In  particular,  the 
identification  procedures  require  that  the  dynamic-  model  of  the  system  be  put  in  the  form 

x  =  Fx  +  Gu  +  Wq  , 

z=Hx+p  . 


(4) 
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Here  ^  is  a  two-element  noise  ve'tor  representing  vertical  and  lateral  gust  inputs  (the  effect  of  longitu¬ 
dinal  gusts  are  generally  assumed  to  be  negligible).  The  important  aspect  is  that  both  and  q  be  zero- 
mean  uncorrelated  Gaussian  white  noise  processes,  with 

E[rL(t,)]=0  , 

E[a(tl)2T(tJ)]=Q6u  , 

E[p(t,)]  =  0,  (5) 

E[p(t,)iiT(t,)]  =  R51J  , 

E[M(t1)bT(t))]  =  °  . 

for  all  i,  j.  Q  and  R  are  the  process  and  measurement  noise  covariance  matrices,  respectively.  6„  =  0 
for  i*  j,  =  1  otherwise.  Here,  E[-  ]  denotes  the  expectation  of  the  quantity  in  brackets. 


With  today’s  modern  instrumentation  systems  it  is  reasonable  to  assume  measurement  noise  with 
nearly  zero-mean  Gaussian  white  characteristics.  Certainly  the  measurement  noise  is  uncorrelated 
with  the  process  noise  and  it  is  possible  to  make  a  reasonable  estimate  for  the  R  matrix.  The  process 
noise  represents  low  frequency  gust  effects  which  are  correlated.  However,  this  noise  effect  can  be 
modeled  as  the  output  of  shaping  filters  (one  for  vertical  and  one  for  lateral  .effects)  which,  when  driven 
by  zero-mean  Gaussian  white  noise,  approximates  the  gust  spectrum.  Conceptually  thas' filtered  output 
represents  the  gust  intensity  at  a  reference  spatial  location  at  some  instant  of  time.  The  gust  intensity 
acting  on  each  aerodynamic  box  (i.  e. ,  the  intensity  represented  by  each  element  of  the' vector  w  T  in  Eq. 
(2))  is  a  time  delayed  version  of  the  filter’s  output.  This  delay  is  a  function  of  aircraft:  speed  and  box 
location  on  the  airframe.  The  method  currently  being  implemented,  is  to  model  the  gust  shaping  filter 
with  a  third  order  transfer  function  defined  by 


».(sl  V*  b, 
T}(s)  s  -a,  * 


(6) 


Here  s  is  the  Laplace  operator  and  wF  the  shaping  filter  output  at  the  reference  spatial  location  due  to 
input  q. 


A  number  of  different  gust  modeling  approaches,  of  varying  complexity,  could  be  used  to  reflect  the 
lag  effects  between  wr  and  the  elements  of  wT  and  augment  Eq.  (3)  into  the  form  of  Eq.  (4).  At  present, 
only  the  simplest  approach  has  been  utilized,  since  it  is  anticipated  that  detailed  modeling  of  this  effect 
will  not  significantly  improve  the  performance  c.  the  advanced  parameter  identification  algorithms.  In 
this  simplified  approach,  the  lag  effects  betwf  m  the  gust  intensity  on  each  aerodynamic  box  are  ne¬ 
glected.  Thus  all  elements  of  the  vector  wT  re  equal  to  their  respective  vertical  or  lateral  gust  shaping 
filter  output.  From  Eqs.  (2)  and  (6),  it  fcUows  that  the  transfer  function  between  a  given  element  of  w0 
(denoted  by  the  scalar  quantity  w0)  and  -  .iher  the  vertical  or  lateral  white  gust  source  (denoted  by  the 
scalar  quantity  tj)  is  of  the  form 


w0(s)  (l-a’ls-a'  y'  b, 
rj(s)  s  -a'  s  -  a,  ‘ 


(7) 


The  simplified  gust  modeling  approach  replaces  Eq.  (7)  with  a  first  order  filter  that  matches  the  roll-off 
and  white  noise  energy  transfer  characteristics  of  the  fourth  order  transfer  function  defined  by  Eq.  (7). 
Using  this  approach  allows  Eq.  (3)  to  be  augmented  into  the  form  .  f  Eq.  (4)  by  adding  a  single  state  for 
vertical  and  a  single  state  for  lateral  gust  effects.  If  only  one  of  these  gust  effects  is  modeled  then  only 
a  single  state  need  be  added. 

The  advanced  parameter  identification  procedures  can  be  implemented  using  the  model  defined  by  Eq. 
(4)  or  some  linearly  . transformed  version  of  this  model.  One  can  define  a  non-singular  transformation 
matrix  T  such  that  .  , 

x  =  T£..  '  .  (8) 

By  applying  this  ua.:isformation  on  Eq.  (4)  it  follows  that 

£•=  T*‘  FTj+  r 1 G  u  +  T" 1 W  ij 

=  Fo£+G0u  +  W„£  , 

,  z  =  HT£+p  (9) 


The  dynamic  behavior  of  the  systems  defined  by  Eqs.  (4)  and  (9)  are  identical.  The  matrix  T  is  selected 
so  that  the  non-zero  elements  of  the  F0  matrix  correspond  to  the  real  and  imaginary  parts  of  the  system 
eigenvalues  in  a  tridiagonal  pattern.  The  same  transformation  can  also  be  set  to  normalize  a  given 
column  of  the  G0  or  W0  matrix  to  contain  0,  !  pairs  corresponding  to  complex  eigenvalues  and  to  contain 
ones  for  real  eigenvalues  (at  least  for  those  elements  that  were  not  correspondingly  r  ro  to  begin  with). 
The  resulting  sparse  nature  of  these  transformed  matrices  and 'the  explicit  representation  of  system 
eigenvalues  allows  the  identification  algorithm  to  be  implemented  in  a  computationally  efficient  manner. 

To  obtain  the  system  model  defined  by  Eq.  (9)  from  a  supplied  engineering  dynamic  model  a  number 
of  steps  must  be  taken  depending  on  the  starting  point.  First,  if  the  model  is  initially  defined  by  Eq.  (1), 
it  must  be  transformed  to  the  classical  form  denoted  by  Eq.  (3).  Since  the  A  matrix  in  Eq.  (1)  is  not 
generally  invertible,  the  transformed  system  could  be  reduced  in  dimension.  Of  course,  thz  engineering 
model  could  have  been  defined  in  the  form  of  Eq.  (3)  to  begin  with.  The  next  step  involves  augmenting 
this  model  for  zero-mean  Gaussian  white  gust  effects  as  previously  outlined.  The  final  step  entails 
transforming  the  model  to  the  form  implied  by  Eq.  (9',  as  required  for  initiation  of  the  parameter  iden¬ 
tification  process  in  the  current  implementation.  The  analyst  always  has  the  ability  to  directly,  define 
the  system  model  in  this  final  form,  if  desired,  or  when  necessary  to  handle  those  situations  where  an 
engineer1'^  flutter  dynamic  model  is  not  available  to  begin  with. 

3.  2  Advanced  Parameter  Identification  Methods 

3.2.1  MAXIMUM  LIKELIHOOD  APPROACH 


A  high  level  mathematical  description  of  the  maximum  likelihood  identification  algorithm  is  covered 
below.  A  somewhat  more  complete  explanation,  paralleling  that  given  here,  is  contained  in  Reference 
7.  The  maximum  likelihood  parameter  identification  procedure  is  based  on  the  premise  that  the  out¬ 
come  of  an  experiment  depends  on  unknown  parameters  (denoted  as  eleinents  of  the  vector  6).  The 
method  effectively  estimates  the  set  of  parameter  elements  (denoted  as  8)  that  maximize  the  likelihood 
function,  which  is  taken  to  be  the  conditional  probability  density  function  of  the  observations  ZN  =  [z(tl), 
z(t2), . . .  z(t„)],  given  the  assumed  value  of  the  system  parameters.  Mathematically,  the  likelihood  func¬ 
tion  is  defined  by 


L(e)  =  pfzM/e]  . 

*•1 

where  p[*  ]  denotes  the  probability  density  function  of  the  quantity  in  brackets. 


(10) 


In  order  to  define  the  actual  probability  distribution  associated  with  pjz(t,)/Zk.t,  6],  it  is  necessary  to 
first  define  the  expected  value  of  z(t8)  given  ail  measurements  up  to  and 
by 


E[z(t,)/Z,.1',  e]  -  z(n/n  - 1)  , 
and  its  covariance  by 
E[v(n)i/T(n)]=  B(n)  , 

where 

v(n)  =  z(t„)  -  z(n/n  -r  1)  . 

The  assumption  that  the  innovations  v(n)  are  Gaussian 'distributed  .cads 

p[z(tt)/Z,.„  e]  =  exp  {-5 [flT(n)B"l^nMii)]}/(2jr)",/*| B(n)|  u*  , 

where  m  is  equal  to  the  number  of  measurements.  For  parameter  identification  manipulations,  it  is 
generally  more  convenient  to  deal  with  the  natural  log  of  the  likelihood  function  which  is  valid  since  both 
L(£)  and  the  In L( £)  have  the  same  extrema.  From  Eqs.  (10)  and  (14)  it 
likelihood  function  is  defined  by 

N 


to  the  following  relationship 


J(£)s  lnL(0)  =  [t/T(n)B'‘(n)v(n)  +  ln|  B(n)|  ]  + constant  . 

^  r-l 

Thus,  the  problem  becomes  one  of  maximizing  Eq.  (15)  with  respect  to 


Maximizing  the  likelihood  function  is  an  optimization  problem.  We 
Raphson  technique  which  is  an  iterative  procedure  requiring  multiple 
eter  set  §  that  maximizes  J (£).  This  is  a  second  order  gradient  methoc^ 


including  the  previous  data  point 

(ID 


(12) 


(13) 


(14) 


follows  that  the  natural  log  of  the 

(15) 


the  unknown  parameter  set  9, 


art 


data 


e  using  the  modified  ffewton- 
passes  -to  establish  the  param- 
requiring  the  computation  of  the 


first  and  second  order,  partials  of  J(0).  The  technique  is  established  :y  taking  the  first  order  Taylor 
series  expansion  for  the  gradient  of  J (8)  about  the  operating  poir.;  (the  value  of  0  determined  on  the  k  th 
data  pass)  as  defined  by 

g  =  gt-Mt(0 -0*)  ,  (16) 


where 


a  9,0 


_  3J (9) 

^  ai  rtt 


and  M,  = 


8i8*Tlr*» 


By  setting  the  left  hand  side  of  Eq.  (16)  to  zero,  the  following  recursive  relationship  for  parameter  up¬ 
dates  is  obtained 

0*M=0t  +  M;,g)[  .  (17 

It  follows  from  Eq.  (15)  that  the  first  order  partial  of  J(0)  with  respect  to  the  i  th  element  of  vector  0  is 


k  trace(B‘1s^)]  * 


where  the  argument  n  on  variables  v_  and  B  have  been  dropped  to  simplify  notation.  For  the. modified 
Newton-Raphson  technique  the  second  order  partials  of  the  innovations  v_  and  its  covariance  B  are 
dropped.  Therefore,  the  ij  th  element  of  the  second  order  partials  of  J(9)  is  defined  by 


82J  xMav*  9v  T/r.-iaB  r,-  8"  8B  8B  \ 
3,90,  =~i?L9ej  B  aei  \  80,  B  90,  _B  90, B  90, B  -) 

8i/t  ,  8B  ,  1  /  1  8B  ,  8B  Y) 

-  S5;B  lii:B  ‘li-*  trHB  WB  wj\  ’ 


-  tr*ce(B  ee;B  Jo-J]  >  {19) 

where  0,  and  0,  correspond  to  the  i  th  and  j  th  elements  of  the  parameter  vector  0.  Note  that  all  summa¬ 
tions  in  Eqs.  (18)  and  (19)  are  with  respect  to  time. 

The  innovations  and  innovations  covariance  are  obtained  as  outputs  of  a  Kalman  filter  state  estimator 
(see  References  6  and  8)  corresponding  to  the  linear  aeroelastic  system  defined  in  Eq.  (9).  These  Kal¬ 
man  filter  equations  are  defined  in  terms  of  propagation  (or  prediction)  and  measurement  update  equa¬ 
tions  as  represented  by: 

•  .The  state  propagation  equation 

y(n/n  - 1)  =<fry(n  —  1/n  - 1)  +  T  G0u(n  -  1)  ,  ,  (20) 

where  y(n/n  -  1)  is  the  expected  value  of  y(t„)  using  all  measurements  up  to  time  t,_.  given  that  yft,.,) 
=  y(n  -  1/n  - 1).  *  and  T  represent  the  modeled  system  transition  and  superposition  matrices, 
respectively. 

•  The  state  covariance  propagation  equation 

P(n/n  - 1)  =  *  P(n  -  1/n  - 1  )iT  +  r  W,  Q  Wj  rT  ,  (21) 

where  P(n/n  - 1)  is  the  state  .covariance  matrix  at  time  t,  using  all  measurement  information  up  to 
time  t,.|.  Q  represents  the  process  noise  covariance  matrix  identified  in  Eq..  (5). 

•  The  Kalman  gain  equation 

K(fl)  =  P(n/n-l)HjB'‘(n)  ,  (22) 

where  the  innovations  covariance  is  defined  by 

B(n)  =H0  P(n/n  -  l)Hj  +  R  ,  (23) 

with  R  being  the  measurement  covariance  matrix  identified  in  Eq.  (5). 

•  The  state  measurement  update  equation 

y(n/n)  =y(n/n  -  1)  +  K(n)  v(n)  ,  \  (24) 

••  where  the  innovations  at  time  t,  are  given  by 

v(n)  =  z(n)  -  H0  y(n/n  - 1)  .  (25) 

•  The  state  covariance  measurement  update  equation 

P(n/n)  =  [I  - K(n)Hg]  P(n/n -  l)[l  -  K(n)H^]T  +  K(n)R KT(n)  .  (26) 


Equations  (20)  through  (26)  represent,  the  Kalman  filter  equations  heeded  to  define  v(n)  and  B(n)  for  use 
in  establishing  unknown  system  parameter  estimates  via  equations  (17)  through  (19).  These  equations 
also  need  the  partial  derivatives  of  the  innovations  and  its  covariance  with  respect  to  each  unknown 
parameter.  The  required  derivatives  are  derived  from  sensitivity  filters  obtained  by  taking  the  partials 
cf  Eqs.  (20)  through  (26).  To  simplify  notation,  all  variable  arguments  will  be  dropped  and  plus  (+) 
and  minus  (-*-)  superscripts  will  be  used  to  reflect  propagated  and  updated  variables,  respectively.  With 
this  in  mind,  the  typical  sensitivity  filter  with  respect  to  the  j  th  unknown  parameter  is  expressed  by: 

•  The  state  propagation  sensitivity  equation 
3y*  »y'  3*  .  hr  „  _8Gn\ 


3y  3y-  3*  .  /3IV  SGjA 

s?;=*^+Se7ni^Go+r^/-' 


•  The  state  covariance  propagation  sensitivity  equation 


L=4,^_<l>T+4>p-^|:-  +  ^p-!i-) 

+  r[w0^w0T  +  w0Q^  +  (w0Q^)T]rT  +  rWoQWJ^  +  (rWoQw^)T 


•  The  Kalman  gain  sensitivity  equation 

*K  -  iflnJ  o-‘  *  p*  ”£  B-1  +  P-  HJ  — - 
— H°B  +  P  deB  +P*Ho  , 


where 


3B  „  8P*  T  „  8HqT  /  0.9H£\t  9R 

ie;=Ho^7Ho+H°p  if;)  +^;- 

i  The  state  measurement  update  sensitivity  equation 


3yf_3 8v_  3K_ 

Be,  “  8 e,  +  K86,  +  ae,-  ’ 

where 

86,  00  86,  86, L 


•  The  state  covariance  measurement  update  sensitivity  equation 


Equations  (17)  through  (33)  define  all  the  information  necessary  to  implement  the  modified  Newton- 
Raphson  parameter  optimization  procedure.  The  Kalman  and  sensitivity  filter  equations  are  executed 
for  each  measurement  vector  in  the  data  record  establishing  the  information  required  by  Eq.  (17)  to  re¬ 
cursively  compute  refined  parameter  estimates.  A  block  diagram  showing  the  computational  flow  of  the 
maximum  likelihood  parameter  identification  algorithm  is  contained  in  Fig.  2.  The  algorithm  is  capable 
of  identifying  elements  of  the  statistical  covariance  matrices  Q  and  R,  as  well  as,  elements  of  F0,  G0> 
W0l  and  H0v  The  complex  conjugate  eigenvalues  of  F0,  estimated  as  elements  of  this  tridiagonal  matrix, 
are  used  to  establish  modal  frequency  and  damping  values. 

3.  2.  2  STATISTICAL  CHARACTERISTICS 

The  maximum  likelihood  estimation  process  hr.s  a  number  of  highly  desirable  statistical  properties. 

As  noted  in  Reference  3,  the  most  significant  are; 

Parameter  estimates  are  asymptotically  unbiase.V  as  expressed  by 
limE[6]  =  et  , 

N  —  ~  ~ . 

which  indicates  that  the  expected  value  of  ah  estimate  5  approaches  the  true  value  £t  as  more  data  is 
used(i.e. ,  as  N  increases). 
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Fig.  2  Computational  Sequence  for  Maximum  Likelihood  Parameter  Identification  Algorithm 

Parameter  estimates  are  consistent  which  implies  that 
limProb[|§ -0t|  s€]  =  i  , 

N-* 

where  Prob  f-  ]  indicates  the  probability  of  tne  quantity  in  brackets,  with  €  being  an  arbitrarily  small 
positive  number. 

Parameter  estimates  are  asymptotically  efficient  with 

E[ (i  -  e  t)  (£  -  e  t ) T]  ^  -  E  [0^] 

where  M  is  the  Fisher  information  matrix.  The  inverse  of.  this  matrix  provides  a  lower  bound  on 
parameter  estimate  covariances  known  as  the  Cramer -Rao  bound  which  is  considered  the  maximum 
achievable  estimation  accuracy. 

Parameter  estimates  are  asymptotically  normal  in  that  they  approach  the  Gaussian.distribution  with 


•  ■  ' 


3.  2.  3  SIMPLIFIED  COM  PET  A  TIOSAL  CIRCUMSTANCES 


In  our  application  we  are  sealing  with  a  time  invariant  linear  system  with  uniformly  sampled  mea¬ 
surements.  For  our  system,  the  process  and  measurement  no-.se  covariance  matrices,  aeilned  by  Q 
and  R,  are  assumed  to  be  cons.  >.nt.  Under  the  anove  stated  conditions  the  Kalman  gam  and  the  innova¬ 
tions  and  state  covariances  apo.-oacn  constant  steady  state  values  defined  by 

P(h-  1/a  -  2)  =  Ptn/n—  1)  =  P*  , 

Kfn -  15  - K'n)  =K  ,  ■ 

B>n  -  ii  -  B(n)  =  B  , 

P-'n  -  l.-n  -  1)  =  P'r.-  ni  -  P"  . 

Similar  steady  state  conditions  will  also  prevail  m  the  sensitivity  filters.  In  practice,  the  Kalman  ana 
sensitivity  filters  are  in  statistical  steady  state  for  almost  the  entire  duration  of  the  analysis  interval. 
Under  steady  state  conditions  the  computation  of  Eqs.  ■  20)  througn  f 33}  can  be  reduced  to  only  the  com¬ 
putation  of  Bps.  (2Q5,  (24),  (255.  '275,  (31).  and  '325.  This  is  a  substantial  reduction  m  computations 
and  a  key  factor  ,n  enabling  the  maximum  hkeiihood  parameter  identification  technique  to  be  used  in  on¬ 
line  processing  situations  at  the  present  time. 


Another  simplification  in  computational' requirements  can  be  realized  when  process  noise  levels  are 
negligible.  In  the  absence  of  process  noise!  the  Kalman  gam  matrix  Kfn)  will  go  to  zero  as  time  in¬ 
creases.  This  fact  is  obvious  when  the  initial  state  of  the  system  is  known,  since  the  covariance  of  the 
error  in  predicted  state  would  then  be  zero  and  it  fellows  from  Eq.  (22)  that  the  Kalman  gain  matrix 
would  be  zero.  Here  the  innovations  are  the  output  error 

y(n)  =  z(n)  -  H.,£(ni  , 

where  system  state  y(n)  is  propagated  (integrated)  via  the  equation 

v(n’ -♦y(n  -  1)  -  rG0u(n- 1)  .  ,  ,  (34) 

The  innovations  covariance  matrix  ;s  defitied  by 
P  ( n)  =  R  , 

which  is  the  consta.it  measurement  covariance  matrix.  The  log  of  the  likelihood  function  becomes 
J  fy  >  a  InL(tf)  a- ^T(n)  R'1  v(n)  *  constant  , 
w  here  R  can  be  estimated  by 

X 

R=^-2_,  1/(n)i/T(n)  .  ’  ,  (35) 

7  •*! 

The  equality  in  Eq.  (35)  holds  only  for  those  elements  of  R  which  are  not  considered  known.  If  R  is 
known  to  be  diagonal  the  off  bagonal  terms  in  the  matrix  computed  vu  Eq.  (35)  should  be  set  to  zero. 


Here,  the  same  modified  t  ewton-Haphson  optimization  procedure  is  used  to  calculate  parameter  up¬ 
dates  via  Eq.  (17).  The  corresponding  first  and  second  partial#  of  J(S)  are. defined  by 


3*1 _  y"  »i>T< n)  >  Std n) 

The  corresponding  sensitivity  equations  are 
Si/(n)  »vfn)  air. 

where  v(n)  :n  defined  by  Eq.  (34)  and 


Sy(n)  ay^n  -  1) 


ill.  ^K.-'».(5Tvi'5?)«<..,l . 


S-!l 


t  « 


The  buik  at  the  computational  activity  is  involved  m  the  propagation  of  system  state  a  ads  sensitivity  rela¬ 
tions  mps,  via  £q.  (34),  (36)  ar«d  (39),  and  the  accumulation  of  the  first  and  second  parciais  of  J,  via  Eq, 

' 3 1 i  a  oc  3  i ; ,  ,  i  . 

3.  3.  4  EXTESDED  KALMAS  flL  TEH  APPROACH 

The  extended  Kalman  filter  -was  developed  for  handling  system  state  estimates  of  Hmiutesr  systems 
(see  Reference  85.  This  later  is  not  optimal  in  any  proven  sense  but  has  worked  well  on  a  wide  variety 
of  problems.  Parameter  identification  problems  for  linear  systems  can  be  approached  by  declaring 
unknown  parameters- of  the  system  as  state  variables  (see  Reference  3).  This  creates  a  set  of  nonlinear 
system  equations  with  parameter  state  variables  that  can  be  estimated  as  the  output  oi  the  corresponding 
extended  Kaiman  filter.  Our  linear  aeroeiastic  system  has  been  defined  by  Eq.  {S>-  Here,  specific  ele¬ 
ments  of  F;„.  G0,  Wa,.  and  or  H,  could  be  selected  as  e  lements  of  the  parameter  vector  $  and  added  to  the 
original  linear  system  state  vector  y  to  create  an  augmented  state  vector  5.  The  resulting  system  would 
then  be  defined- in  the  generalized  nonlinear  form 

i  =  f3f5,u)*W3{5)J 

?  =  hj(6  )*4_  • 

where  functional,  arguments  have  been  noted  within  brackets.  Specifically, 

5T*i'vT,-dT]  ,  CT-[hT,  Oj, 

jFoV-Gju] 

b'i-  -  [  o  •  J  • 

hpfSI-H^.,  W0(8)*W,  ,  ,■  ' 

where  it  -mould  be  noted  that  since  selected  elements  of  S  can  correspond  to  elements  m  F,,  G„  WD,  and 
! ! :hese  latter  matrices  can  be  functions  of  6.  The  noise  sources  {  and  a  are  assumed  to  be  independent 
with  zero -mean  Gaussian  white  characteristics. 

The  derivation  >i  the  extended  Kalman  filter  is  patterned  on  concepts  established  for  the  linear  Kalman 
filter,  as  defined  by  Kqs.  120)  through  i26>,  resulting  m  corresponding  propagation  and  measurement  up¬ 
date  relationships  which 'are  identified  by: 

•  Svstem  state  propagation  via  the  integration  of  the  nonlinear  differential  equation 

-V  f;.‘\  U>  .  .  •  . 

to  obtain  propagated  state  (Inn  -  1)  at  the  required  iteration  times  t„  using  all  measurements  up  to 


time  t%.,.  subiect  to  the  assumption  that  oft,.,) 


In  -  1). 


•  System  state  covariance  propagation  via  the  equation 

Pffv  n  -  1 )  =  ♦<n.  n  -  X)  P(n  -  1,  n-  1)  ♦1!n,  n  -  1)  «  T(n,  n  -  1!  W,y  Wj  rr(n.n-l)  . 

The  above  relationship  is  a  linearized  equation  and  is,  therefore,  simitar  in  form  to  Fq,  (21). 
However,  both  ♦  and  T  vary,  with  time  and  so  will  W,  if  any  of  its  elements  are  considered  unknown 
parameters.  Here,  the  transition  matrix  is  tne  solution  to  the  ditlerential  equation 

♦<t.t,.,5  >  Fft>  ♦(>.  t*.,)  .  '  .•  ' 

where  !  *  t,.,,  *(t,.,,  t,.,)  « the  identity  matrix  1,  and 

9f„ 

letiVeli 


Eft)  - 

•>8 


It  follows  that 

r'  •  •  ‘  ■ 

rft.  t,.,)  -  I  *(t.  r)dr  . 

G..i 

Elements  of  W,  that  are  considered  unknown  parameters  would  tie  set  equal  to  their  corresponding 
values  in  vector  Ofn/'n  -  1). 

•  Kalman  gain  computation  using  the  linearized  equation  - 

Kfn)  -  Pfn'n  -  MHr(n)lH,(n)  l»fn/n  -  I)  Hlfn)  *  Rl  '  ,  ,  '  ' 

where 

»h, I  .... 


!l,(n) 
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•  System  state  measurement  update  using  the  nonlinear  relationship 

5(n  h)  =  Jin,-  n-l)  +  K{n)[z{n)  --  h5(n)  j  , 
where 

h0m)  =  h9{5j  :  8*4<»/«-u  ■ 

•  System  state  covariance  measurement  update  via  the  linearized  equation 

P(n/n>  =  [i  -  K(n)  H0(n>!  P(n/n  -  l)[l  -  K(n}H,(n)jT  +  K( n)  R  KT(n)  , 

with  H0(n)  as  defined  in  the  Kalman  gain  computation. 

The  relationships  identified  in  the  bulleted  items  define  the. extended  Kalman  filter  parameter  identifi¬ 
cation  procedure  required  to  recursively  process  each  measurement  vector  in  a  data  record.  A  block 
diagram  depicting  the  computational  flow  of  the  algorithm  is  shown  in  Fig.  3.  'The  extended  Kalman  filter 
essentially  makes  maximum  likelihood  estimates  and  therefore,  has  statistical  properties  similar  to 
those  previously  mentioned  for  the  maximum  likelihood  algorithm.  However,  the  maximum  likelihood 
algorithm  has  the  advantage  of  being  able  to  determine  process  and  measurement  noise  covariance  sta¬ 
tistics  as  parameter  estimates.  This  is  not  possible  with  the  extended  Kalman  filter  approach.  These 
noise  statistics  could  be  difficult  to  assess  quickly  in  an  on-itne  test  environment. 


3.3  Current  Analysis  Techniques  i 

The  current  processing  methods  used  by  Grumman,  in  the  on-line  analysts  of  flutter  response  data,  all 
use  a  least-squares  differ'  nce-equation  identification  algorithm  to  establish  modal  frequency  and  damping 
.characteristics.  Differences  in  the  processing  methods  primarily  reflect  the  techniques  used  to  precon-  .  V! 

dition  the  test  data  before  it  is  presented  to  the  identification  algorithm.  This  preconditioning  is  neces¬ 
sary  to  suppress  noise  effects,  which  can  significantly  degrade' the  accuracy  of  the  baste  equation-error  ( 

identification  algorithm  which  is  well  known  to  lie  a  biased  parameter  estimator  (see  Heference  '3),  Even 
though  the  baste  approach  is  susceptible  ,to  noise  effects  -the  filtering,  correlation,  and  frequency  domain 
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windowing  methods  employed  in  the  processing  software  have  enabled  the  identification  algorithm  to  pro¬ 
duce  consistent  resuirs  (even  when  compared  to  more  advanced  methods)  on  shaker  excited  response  data. 
Up  until  the  early  1980s  this  had  been  the  dominant  means  used  at  Grumman  for  generating  flutter  test 
data. 

The  fundamental  assumption  underlying  software  analytics  is  that  aeroelastic  system  dynamics  are 
linear.  Taking  that  into  effect,  system  dynamics  can  be  represented  by  an  ordinary  differential  equation 
the  form 

XP  ,  d*V  V'  /Ar.\ 

>  d.  ~r-  =  >  .  c_  -r=-  .  (40) 


where  y  =  y(t)  is  the  system  respor.se  and  u  =  u.(t!  the  input  excitation  signal.'  Here,  c„  and  d^  are  con-  ' 
scant  coefficients  (ds  =  1.0)  and  it  is  generally  assumed  that  N2  M.  The  assumed  form  of  Eq.  (40) 
classifies  the  system  as  linear,  time-mvarient.  and  causal.  The  properties  of  such  systems  have  been 
extensively  covered  in  literature  and  imply  the  following  convolution  integral  relationship  between  system 
input  and  output,  when  it  i3  assumed  that  u(t)  =0  for  t<  0 

-t  r t 

y(t)  =  /  u(c)  g(t -a)da  =  /  u(t  -  a)  g(o)dc  ,  (41) 

•  •  •'a  ,  “'o  • 

where  g(t)  represent  the  system’s  impulse  response. 

Using  lower  case  nomenclature  to  denote  variables  in  the  time  domain  and  upper  case  for  frequency 
domain  variables  it  follows  by  taking  the  Laplace  transform  of  Eq.  (41)  that 

Y(s)  =G(s)  U(s)  (42) 

where  s  is  the  Laplace  operator  and  G(s)  is  the  system  transfer  function.  The  actual  form  of  G(s)  is 
established  by  taking  the  Laplace  transform  of  Eq.  (40),  assuming  the  system  to  he  initially  at  rest,  re¬ 
sulting  in 


11 --o  , 

777—  -G(s)  = 


»■  ■» 

c.n^-o 


d.s*  n(-p.) 


where  q*  are  the  zeros  of  G(s)  and  p,  the  poles  which  correspond  to  the  eigenvalues  of  the  system. 
Modal  frequency  and  damping  coefficients  are  determined  from  the  complex  copjugate  pole  pairs.  If  a 
typical  pair  had  a  real  part  equal  to  -  a  and  an  imaginary  part  equal  to  3,  then  the  damped  natural  fre¬ 
quency  of  the  mode  would  be  defined  by 

fd  =  fl/2»,  • 

and  the  corresponding  damping  coefficient  by 

g  =  2 a/va*  ♦  d*  1 


The  least-squar 
output  system  trar 
G(s)  can  be  approx 
difference  equatioi 


es  difference-equation  identification  algorithm  is  predicated  on  single-input  single- 
sfer  function  relationships  like  Eq.  (43).  As'  explained  in  Appendix  A  of  Reference  l, 
imated  with  a  Z-transfer  function  relationship  which  leads  directly  to  a  time  domain 
1  in  the  form 


W  Ti 

y(kT)=’-5IaJ<kT-nT)  .  £  b,  u(kT  -  nT)  , 


where  T  is  the  (lat; 
of  the  system  and 
equation-error  set 
imtze  the  cost  fura 

J  ’E  *^E  f 

eq  letj  u 

where  the  subscrij 
error  and  r,  and  f, 
eter  p  has  been  ad 
data. 


1  sampling  period. .  The  identification  algorithm  uses  Eq.  (44)  as  its  dynamic  model 
letermines  the  a,  and  bt  coefficients  that  best  match  the  test  data  ma  least-squares 
use.  Basically  the  technique  determines  the  difference  equation  coefficients  which  mln- 
tion  J  defined  by 


»  *  . 

+ -  E  r»-»  -  ri  I 

vO  r\  J 


k  k  implies  the  value. of  the  variable  at  time  kT.  Here,  e,  is  the  difference  equation 
represent  preconditioned  response  and  excitation  signals,  respectively.  The  pararb- 
ded  to  the  difference  equation  model  to  account  for  bias  errors  in  the  measurement 


The  procedure  for  minimizing  J  is  defined  by  setting  the  partial  derivatives  of  J  with  respect  to  the 
difference  equation  coefficients  to  zero,  resulting  in  a  set  of.  2 (N+  1)  linear  equations  m  2(N+  lj  unknowns 
which  can  be  soived  for  the  estimated  coefficient  information  (i.  e. ,  a,  and  b,i  using  the  matrix  equation 

l  =[BtB]'1£tv  ,  ‘  -  ■  (46) 

where 

tf  =  f  ^  b  ,  *  *  *  bg ,  ?  |  }'  > 


V  V"‘  r‘i-‘ 

f kj  rk2-N  r»2-l_ 

The  poles  of  G(s)  and  the  a,  difference  equation  coefficients  are  related  by  the  following  polynomial 
equation  , 

X  H  ' 

1+2  a,z’*  =  II  [  1  -exp(p,T)z'‘]  ,  (47) 

>•1  c-l 

where  z  corresponds  to  the  Z -transfer  function  operator.  Using  the  estimated  parameters  a*  in  Eq.  (47) 
it  follows  that 


p.=  ^  ln(y.)  , 

where  y,  is  the  n  th  root  of  the  polynomial  defined  in  Eq.  (47).  Modal  frequency  and  damping  coefficients 
can  then  be  determined  from  the  estimated  complex  conjugate  pole  pairs  in  a  manner  similar  to  that  pre¬ 
viously  defined  for  the  complex  conjugate  pole  pairs  of  G(s). 


In  Eq.  (45)  rt  and  f,  were  defined  as  preconditioned  response  and  excitation  signals.  As  noted  in  Ap¬ 
pendix  A  of  Reference  1,  these  preconditioned  signals  can  be  digitally  filtered  or  specially  computed 
correlation  functions  of  these  signals.  Since  correlation  signal  processing  involves  the  handling  of  func¬ 
tions  that  are  not  zero  for  negative  time  delays  it  proves  expedient  to  express  frequency  domain  rela¬ 
tionships  using  the  Fourier  rather  than  the  unilateral  Laplace  transform.  In  terms  of  the  Fourier  trans¬ 
form  the  system  transfer  function  relationship  defined  in  Eq.  (42)  becomes 

Y(iui)  =G(iw)  U(iw)  ,  (48) 

where  Y(iw),  L’(iw)  and  G(iw)  are  the  Fourier  transforms  of  y(t),  u(t)  and  g(t),  respectively.  If  one 
filters  the  measured  system  response  signal  y(t)  with  a  linear  fiiter  having, a  transfer  function  F(iu>)  it 
follows  that  the  filtered  response  signal  is  defined  by 

Yf(iw)=Y(iw)F(iw)  , 
and  it  follows  frcim  Eq.  (48)  that 

Yf(iw) -G(iw)  U(iw)  F(iw)  =G(iw)  U,(iu»)  .  (49) 

Equation  (49)  states  that  the  filtered  response  and  excitation  signals  are  dynamically  re'ated  to  each 
other  through  the  same  transfer  function  as  the  unfiltered  signals.  This  implies  that  the  filtered  signals 
satisfy  difference  Eq.  (44)  in  the  same  qiannex  as  the  unfiltered  signals. 

In  contrast  to  direct  digital  filtering  of  measurement  signals,  a  somewhat  higher  level  of  noise  rejec¬ 
tion  can  be  obtained  if  correlation  methods  are  used.  Since  noise  effects  are  generally  uncorrelated  with 
the  applied  system  excitation  signal,  the  cross-correlation  method  provides  a  particularly  good  means 
for  suppressing  noise  effects  (provided  sufficient  test  signal  is  available  for  data  averaging).  Consider 
the  cross-correlation  of  some  arbitrary  signal  w(t)  with  y(t)  and  u(t)  over  the  finite  interval  of  time  rang¬ 
ing  from  tj  to  tj  sec  as  denoted  by 

1  /'* 

<t>»,(T)+: - T  I  w(t)  y(t  ♦  r)dt  , 

~  M 

and 

1  /•*» 

0„(r)  --  : - —  w(t)  u(t  ♦  r)dt  . 

M  —  .M  -  t, 


0 


(50) 


The  cross-correlation  functions  shown  above  satisfy  the  following  cross-spectral  relationship 
4>„iiw)=G(iw)4>.u(iw)  , 

where  $rT(iui)  and  ‘fc.Jitc)  are  the  Fourier  transforms  of  o„(r)  and  <PwJ,r),  respectively.  In  particular 
4>„r(iw)  =W(-  iw)Y(iw)  , 

4>wtt(iw)=W(-iw)U(iw)  .  . 

Equation  '  ' '  shows  that  the  cross-correlation  functions  cwf(T)  and  <£wa(r)  are  mathematically  related  to 
each  oth  ;he  same  manner  as  the  actual  system  response  and  excitation  signals.  Thus,  these  cross- 
correlat;  .  motions  satisfy  difference  Eq.  144)  and  provide  a  low  noise  level  signal  input  into  the  least- 
squares  identification  algorithm.  For  cross-correlation  signal  processing  w{t)  is  generally  set  equal  to 
the  excitation  Signal  u(t)  digitally  filtered  tx  phasize  the  modal  frequency  range  of  interest.  In  addi¬ 
tion,  data  is  only  analyzed  over  that  inter-  :  time  when  the  excitation  signal  is  supplying  energy  in  the 
frequency  range  of  interest,  which  is  also  ise  when  direct  digital  filtering  is  used. 

Response  signal  correlation  analysis  corresponds  to  the  case  where  w(t)  is  set  equal  to  a  digitally 
filtered  version  of  the  system  response  signal.  For  this  form  of  preconditioning  Eq.  (50)  becomes 

<t>rf,(iw)  =G(i<*>)  4>Tfa(iw) 

=  G(iw)  G(-  iai)  F(- ia>)  4>,u(iw)  .  ,  (51) 

The  cross-correlation  of  filtered  and  unfiltered  response  signals  does  not  effectively  reject  noise  within 
the  filter  pass-band.  Thus,  excitation  signal  cross-correlation  analysis  is  generally  preferred.  How¬ 
ever,  it  should  be  noted  that  if  <f>ull(iu.')  is  broadband-flat  then  Eql  (51)  reduces  to 

4>rf,(iic)=G(iw)G(-iw)F(-iu))".  (52) 

The  above  relationship  indicates  that  the  time  domain  function  <f>TfT(t)  is  equivalent  to  the  system  output 
response  resulting  from  an  excitation  signal  equal  to  the  filtered  system  impulse  response  function 
folded  about  the  t  =  0  axis.  For  values  of  t  > 0  it  follows  that  <hTf,(t)  is  actually  the  free  decay  of  the  sys¬ 
tem  to  the  aforementioned  input.  Equation  (52)  Involves  only  response  signal  measurements  and  has 
proved  of  value  in  analyzing  flutter  response  data  obtained  from  an  aircraft  excited  by  a  driving  function 
possessing  an  impulsive  autocorrelation  function.  Random  excitation  having  either  a  spectrum  which  is 
broadband-flat  or  one  which  can  be  considered  as  the  output  of  a  linear  system  which  is  driven  by  a 
broadband-flat  random  ;nput  satisfy  this  requirement.  This  random  excitation  cant  be  obtained  either 
naturally  from  a  source  such  as  atmospheric  turbulence  or  artificially  via  random  shakers. 

The  above  mentioned  preconditioning  methods  are  all  time  domain  processing  techniques-.  Grumman’s 
current  flutter  analysis  software  also  provides  the  capability  to  precondition  test  data  by-first  computing 
frequency  response  functions  by  three  different  methods.  When  an  excitation  signals  is  available,  the 
cross-spectral  density  between  system  excitation  and  response,  and  the  power  spectral  density  of  the 
excitation  signal  are  computed.  In  tnis  case,  the  frequency  response  function  is  computed  by  dividing  • 
the  cross -spectral  denisity  by  the  power  spectral  density  over  the  frequency  range  of  interest.  For  the 
.analysis  of  random  data,  particularly  when  no  excitation  signal  is  available,  the  frequency  response 
function  is  computed  by  taking  the  discrete  Fourier  transform  of  the  positive  lags  of  the  response  sig^ 
nal’s  autocorrelation  function  or  its  random  decrement  signature.  Although  the  three  indicated  frequency 
response  functions  are  somewhat  different  in  form,'  they  all  can  be  considered  representative  of  a  trans¬ 
fer  function  characteristic  possessing  poles  identical  to  the  actual  system  under  test. 

For  modal  identification  purposes,  rectangular  windows  are  applied  to  the  calculated  frequency  re¬ 
sponse  function  and  the  windowed  frequency  response  information  inverted  into  the  time  domain  for  anal¬ 
ysis.  The  windowed  frequency  response  information  reflects  the  response  of  a  system  having  the  calcu¬ 
lated  frequency  response  characteristic  to  an  excitation  signal  having  a  rectangular  frequency  domain' 
amplitude  function  with  zero  phase  angle.  The  time  domain  form  of  the  artificially  created  excitation 
signal  is  analytically  computed  and  used  along  with  the  inverted  response  signal  to  determine  system 
frequency  and  damping  coefficient  information  for  those  modes  within  the  windowed  frequency  range 
using  the  least-squares  difference-equation  identification  algorithm.  Digital  bandpass  filtering  of  the 
raw  time  domain  signals  is  employed  to  minimize  the  effects  of  neighboring  modes  whose  resonant  fre-  • 
quencies  are  close  to  the  windowed  frequency  range.  This  frequency  domain  windowing  method  has 
proved  to  be  a  most  effective  means  for  minimizing  noise  effects.  When  this  method  of  analysis  is  em¬ 
ployed,  frequency  response  functions  computed  from  the  'Z -transforms  corresponding  to  each  identified 
difference  equation  model  are  available  to  the  analyst  for  comparison  with  the  actual  function  computed 
from  the  test  data.  This  information  is  often  helpful  in  establishing  the  validity  of  calculated  results. 

The  analysis  results  contained  in  subsection  4. 2  were  all  obtained  using  this  frequency  domain  window-  • 
mg  method  of  analysis. 
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4.  ANALYSIS  RESULTS 

4.1  Maximum  Likelihood  Analysts 

At  the  present  time,  prototype  software  has  been  developed  for  the  maximum  likelihood  identification 
method  that  enables  analysis  to  be  carried  out  in  either  an  interactive  or  batch  data  processing  environ¬ 
ment.  Figure  4  contains  a  block  diagram  defining  the  maximum  likelihood  identification  algorithm  as 
implemented  in  the  prototype  software.  The  processing  activities  shown  in  Fig.  4  correspond  to  the 
mathematical  description  explained  in  subsection  3.  2.  The  software  was  developed  on  the  Cyber  740  at 
the  Automated  Telemetry  Station  and  then  converted  to  run  on  a  Cray  1  supercomputer.  All  the  lengthy 
evaluation  runs  on  simulated  randomly  excited  data  were  conducted  on  this  computer.  The  analysis  of 
short  duration  data  records  such  as  the  simulated  swept  frequency  data  (of  10  sec  duration)  and  the  anal¬ 
ysis  of  F-14A  randomly  excited  fin  response  data  (of  24  sec  duration)  were  carried  out  on  the  Cyber  740. 
To  minimize  execution  time  on  all  runs,  the  Kalman  filter  gain  propagation  and  update  calculations  were 
terminated  1  to  2  sec  into  each  data  pass  with  the  remaining  data  in  each  record  analyzed  with  the  last 
calculated  value  for  the  gain  matrices. 
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Fig.  4  Functional  Oia^am  lor  Maximum  Likelihood  Parameter  Identification  Software 


in  all  simulated  runs,  data  was  generated  at  a  sample  rate  of  250  Hz  by  an  11-state  aeroelastic  model 
driven  by  zero-mean  Gaussian  white  noise  to  approximate  atmospheric  gust  effects  plus  a  shaker  excita¬ 
tion  signal 'in  the  cases  pertaining  to  swept  frequency  data.  Gaussian  white  zero-mean  noise  was  added 
to  each  of  two  generated  response  measurements.  The  characteristic  roots  (eigenvalues)  of  the  simula¬ 
tion  model  were  defined  by 

A)t  =  -  147.964±  64.  34 lOi  ,  A,..,  =  - 11.8078*  01.  71561  , 

.  .  A,,, --1.45901*  19.74141  ,  A,,  =  -  106. 626*  1'. .  86111  , 
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This  model  contained  two  flexible  modes.  The  first  corresponds  to  roots  3  and  4  with  a  damped  nat¬ 
ural  frequency  (fd)  of  9.83223  Hz  and  a  damping  coefficient  (g)  of  0.3758.  The  second  corresponds  to 
roots  5  and  6  with  fd  =  3. 1419  Hz  and  g  =  0. 1474.  Roots  1,  2,  7,  8,  9,  and  10  pertained  to  the  modeling  of 
unsteady  aerodynamic  effects  with  root  11  corresponding  to  the  simplified  gust  shaping-filter  defined  in 
subsection  3. 1. 

Simulated  data  analysis  was  accomplished  using  both  an  accurately  defined  eleventh  order  model  and 
an  approximate  fifth  order  model.  In  the  uncoupled  form  used  by  the  maximum  likelihoou  algorithm,  the 
eleventh  order  state  equations  were  defined  by 


Accordingly  the  fifth  order  analysis  model  was  described  by 


In  analysis  runs  with  the  eleventh  order  model  the  eigenvalues  corresponding  to  the  flexible  modes 
were  initially  offset  10  to  20%  from  their  true  values  with  corresponding  elements  in  the  measurement 
matrix  (H^)  offset  by  approximately  10%.  All  other  parameter  values  were  left  at  their  true  values  with 
■the  maximum  likelihood  algorithm  directed  to  establish  estimates  for  all  offset  parameters.  The  pur¬ 
pose  of  these  runs  was  to  determine  the  best  possible  results  obtainable  with  an  accurate  model  and  per¬ 
fect  knowledge  of  gust  and  unsteady  aerodynamic  effects.  On  the  other  hand,  the  purpose  of  the  analysis 
runs  made  with  the  fifth  order  model  was  tc  determine  what  results  could  be  expeetsS  with  little  knowl¬ 
edge  of  a  good  physical  model.  Here,  the  model  completely  ignored  unsteady  aerodynamic  effects,  the 


fcur  eigenvalues  corresponding  to  the  flexible  modes  were  offset  by  the  same  10  to  20 %  (reflecting  what 
might  be  expected  in  actual  prictice),  the  elements  of  the  Ho  and  W0  matrices  were  offset  by  orders  of 
magnitude,  and  the  eigenvalue  corresponding  to  the  fifth  gust  modeling  state  offset  and  maintained  at  a 
value  20%  in  error.  In  the  fifth  order  model  runs,  the  maximum  likelihood  algorithm  was  directed  to 
establish  parameter  estimates  for  tjie  eigenvalues  of  the  flexible  modes,  all  elements  of  the  Ho  matrix, 
and  the  first  four  elements  of  the  column  matrix  W0  for  the  swept  frequency  data  (the  W0  elements  were 
set  and  fixed  at  the  same  0  and  1  normalized  values  as  the  G0  matrix  when  analyzing  randomly  excited 
response  data  since  these  values  can  be  arbitrarily  set  with  no  loss  in  generality  when  u  =  0). 

Results  obtained  in  analyzing  16  independent  randomly  excited  simulated  data  records  of  10,  20,  30, 
6C.  and  90  sec  duration  are  shown  in  Table  1  for  the  eleventh  order  analysis  model  and  Table  2  for  the 
fifth  order  analysis  model.  Typical  power  spectral  density  plots  for  the  simulated  measurement  signa 


Table  2  —  Statistical  Rasults  for  16  Simulatad  Randomly  Excited  Data  Runs  (at  Each  of  Eiva  Different 
Durations)  Using  the  Maximum  Likelihood  Method  &  a  5th  Order  Analysis  Model 


Mod*  1 

Mod*  2 

Run 

truefd*  3.1419  Hi 

trj«  ■  9.8223  Hz 

Duration 

trueg  *0.^474 

true  g  *  0.3758 

Free,  (fd) 

Damp,  (g) 

Fraq  Hdl 

Damp,  (g) 

M* 

3.1706 

0.1433 

9.7007 

0.3770 

10  sec 

Std  dm 

0.0859 

0.0454 

0.2208 

0.0572 

2500  points 

Mmti 

3.1496 

0.1421 

9.7436 

0.3641 

20  iac 

Std  dm 

0.0610 

0.0295 

0.1126 

0.0327 

5000  points 

Mun 

3.1375 

0.1435 

9.7238 

30  tec 

Std  dm 

0.0496 

0.0277 

0.0899 

7500  points 

E9 

0.1378 

9.7218 

0.3760  | 

60  iac 

Std  dm 

0.0148 

0.0693 

15.000  points 

3.135 

0.1368 

9.7138 

0.3777 

90  iac 

Std  dm 

0.0188 

0.0085 

0.0494 

0.0161 

22.500  points 
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Tahiti- 

Statistical  Rasults  for  18  Simulated  Randomly  Excitad  Data  Runt  (at  Each  of  Fiat  Different 
Duiationt)  Using  tha  Maximum  Likelihood  Method  &  a  11th  Ordar  Analysis  MotM 

Modal 

Mod*  2 

Run 

true  f<j  -  3.1419  H* 

tru*  fd  -  9.8223  Hz 

Duration 

....  *0.1474 

true  g  “  0.3758 

Ff*q  <fd> 

Damp,  (g) 

Fraq  (fd) 

Oaatp.  If) 

Mam 

3.1689 

9.1587 

9.8544 

0.3664 

10  sac 

Std  dm 

0.0907 

0.0411 

0.1902 

0.0492 

2500  points' 

Mun 

3.1534 

0.1517 

9.8837 

0.3535 

20  sac 

Std  dm 

0.0584 

0.0293 

0.1422 

0.0341 

5000  points 

Mna 

3.1410 

9.8472 

0.3552 

.30  sac 

Std  dm 

0.0449 

0.0977 

0.0245 

7500  points 

Mmr 

3.1407 

0.1492 

9.8397 

0.3680 

.  60  iac 

Std  dm 

0.0279 

0.0134 

0.0782 

0.0231 

15.000  points 

Mm 

3.1386 

0.1473 

9.8294 

90  MC 

Std  dm 

0.0196 

0.0090 

0.0567 

mm 

22,500  points 

ft«+O2t2-O0!S 


are  shown  in  Figs.  5  and  6  revealing  that  the  response  ievel  of  the  9.S223  Hz  mode  relative  to  the  3. 1419 
Hz  mode  was  almost  negligible  on  the  first  measurement  and  very  low  on  the  second.  Despite  this  fact, 
the  results  shown  in  Tables  1  and  2  indicate  that  the  maximum  likelihood  technique  was  able  to  obtain 
good  results  for  the  frequency  and  damping  of  both  modes  using  either  an  eleventh  or  fifth  order  analysis 
model.  Scatter  plots  for  data  record  lengths  of  10,  30,  and  90  sec  are  shown  in  Figs.  7  and  8.  The 
results  of  these  figures  emphasize  that  the  maximum  likelihood  results  were  statistically  consistent  with 
either  analysis  model,  asymptotically  unbiased  when  the  oroper  eleventh  order  analysis  model  was  used, 
and  contained  an  Insignificant  bias  error  when  the  inexact  fifth  order  analysis  model  was  used. 

Typical  time  histories  for  simulated  swept  frequency  measurements  are  shown  in  Figs.  9  ani  10.  The 
exponential  shaker  sweep  covered  the  1  to  20  Hz  frequency  range  in  10  sec.  Figures  11  and  12  contain 
scatter  plots  obtained  in  analyzing  18  noisy  10  sec  simulated  swept  frequency  data  records  with  eleventh 
and  fifth  order  models,  respectively.  Here  again  the  difference  between  results  obtained  with  the 
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Fig.  5  Typical  Power  Spectral  Density  for  1st  Simulated  Fig.  6  Typical  Power  Spectral  Density  for  2nd  Randomly 

Randomly  Excited  Measurement  Excited  Measurement 


eleventh  and  fifth  order  analysis  models  did  not  appear  to  be  significant.  The  accuracy  of  the  results  for 
the  10  sec  sweep  were  better  than  the  results  obtained  in  analyzing  the  10  sec  randomly  excited  data 
records.  This  is  undoubtedly  due  to  the  more  pronounced  response  level  of  the  9.8223  Hz  mode  in  the 
measurement  data,  ft  should  be  noted  that  in  the  swept  frequency  analysis  runs,  parameter  values  for 
modal  damped  natural  frequency  and  for  elements  of  the  H0  matrix  could  be  quickly  brought  close  to  their 
true  values  by  ignoring  process  noise  and  using  the  simplified  maximum  likelihood  algorithm  (discussed 
in  subsection  3. 2)  on  the  first  few  data  passes  and  then  completing  the  analysis  with  the  generalized 
algorithm. 

Our  prime  interest  in  the  ar  lysis  of  real  flight  test  data  has  centered  on  evaluating  the  ability  of  the 
maximum  likelihood  algorithm  to  analyze  response  data  excited  by  atmospheric  turbulence.  Since  the 
analysis  of  this  type  of  data  was  not  extensively  pursued  by  Grumman  on  past  flight  test  programs,  the 
availability  of  actual  data  is  somewhat  limited.  However,  some  preliminary  impressions  have  been 
obtained  from  F-14A  fin  and  wing  response  data  excited' by  atmospheric  effects.  Here,  dynamic  models 
in  the  IQ  to  20-state  range  hive  been  used  to  evaluate  flexible  modes  in  the  5  to  65  Hz  frequency  band. 

In  these  preliminary  runs,  model  structure  has  been  determined  from  power  spectral  density  analysis  of 
the  actual  test  data.  In  effect,  the  number  of  states  in  the  model  reflect  the  number  of  modes  (flexible 
and  rigid)  observed  in  the  data,  plus  an  added  state  to  roughly  account  for  low-frequency  turbulence  in¬ 
puts.  Thus  far,  the  maximum  likelihood  algorithm  has  demonstrated  the  ability  to  take  crudely  defined 
initialization  models  and  converge  on  final  system  models  that  yield  good  modal  frequency  and  damping 
estimates. 

When  analyzing  real  data,  there  are  no  absolute  references  for1  establishing  accuracy.  One  must  rely 
on  trusted  results  obtained  under  similar  test  conditions  via  other  methods  or  on  engineering  judgement. 
In  this  latter  category,  we  have  been  encouraged  to  see  that  the  spectral  characteristics  of  identified 
system  models  agree  with  those  of  the  actual  test  data.  As  indicated  in  Reference  2,  this  does  not  p.eces 
sarily  ensure  the  accuracy  of  modal  frequency  and  damping  estimates.  However,  our  experience  has 
indicated  that  the  accuracy  of  identified  results  is  normally  poor  when  a  good  spectral  match  is  not 
achieved.  Further  confidence  can  be  gained  by  inspecting  the  identified  system  Kalman  filter  residuals, 
v,  which  tend  to  be  low  level  and  noise-like  when  parameters  are  correctly  identified.  Obtaining  con¬ 
vergence  of  the  algorithm  is  by  no  means  trivial,  but  our  experience  has  indicated  that  strategies  can  be' 
devised  for  Varying  parameters  on  d  pass-by-pass  basis  that  will  work  most  of  the  time  for  a  given  set 
of  measurements.  •  . 

Figure  13  shows  a  24  sec  segment  of  randomly  excited 'F-14A  fin  velocity  response  data  and  a  corre-  . 
sponding  power  spectral  density  'estimate  computed  from  the  signal.  In  addition  to.  fir  first  bending;  ■ 
rudder  rotation,  and  rudder  torsion  (which  were  the  modes  of  interest  for.  this  measurement,  accounting 
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Fig.  9  Typical  Tima  History  for  1st  Simulated  Swept 
Frequency  Measurement 
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Fig.  10  Typical  Time  History  for  2nd  Simulated  Swept 
Frequency  Measurement 
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Fig.  1 1  Scatter  Plots  of  Maximum  Likelihood  Results  on  Data  Excited  Via  a  10  tec 
Shaker  Sweep  Using  a  1 1th  Order  Analysis  Model 

for  the  resonant  peaks  at  approximately  12.5,  44,  and  63' Hz;,  respectively)  the  spectral  information  in¬ 
dicated  a  low  frequency  mode  (perhaps  short  period  rigid  body  motion)  and  resonances  which  happened  to 
coincide  with  first  and  second  wing  bending  modes  (at  approximately  5.5  and  16  Hz,  respectively). 
Therefore  a  thirteenth  order  model  was  used  to  analyze  the  data,  12  states  to  model  the  apparent  modal, 
content  of  the  response  signal  and  a  thirteenth  state  to  account  for  gust  modeling.  Figure  14  shows  the 
power  spectral  density  estimate  calculated  from  a  24  sec  randomly  excited  data  segment  generated  with 
the  thirteenth  order  model  obtained  via  maximum  likelihood  analysis  of  the  fin  data.  The  modeled  spec¬ 
tral  information  compares  favorably  with  that  obtained  from  the  actual  test  data,  as  set  forth  in  Fig.  13. 
In  addition,  Fig.  15  shows  a  high  resolution  (1  sec  snapshot)  time  history  of  the  actus'  measurement 
data  and  tne  corresponding  low-level  noise-like  Kalman  filter  innovation  signal  achieved  with  the  esti¬ 
mated  system  model.  Finally,  the  damped  natural  frequencies  and  damping  coefficients  determined  for 
fin  first  bending,,  rudder  rotation,  and  rudder  torsion  agreed  closely  withresults  obtained  with  current 
least-squares  identification  software  from  a  fin  shaker  sweep  at  the  same  .test  condition  (frequencies 
agreed  within  1. 0%  and  damping  values  within  7. 5%).  . 


4.  2  Comparison  to  Least-Squares  Analysis 

To  obtain  a  comparison  between  the  maximum  likelihood  method  and  our  current  analysis  techniques, 
the  simulated  randomly  excited  and  swept  frequency  data  were  analyzed  using  the  frequency  domain 
windowing  method  described  in  subsection  3. 3.  Both  types  of  data  were  analyzed  using  normal  process¬ 
ing  procedures.  This  consists  of  first  reviewing  the  frequency  response  data  and  selecting  at  least  two 
sets  of  rectangular  windows  that  best  bracket  the  resonances  in  the  data.  Secoixi,  difference  equation 
model  sizes  are  chosen  for  use  on  the  windowed  signals  (inverted  from  the  frequency  into  the  time  do¬ 
main), that  are  equal  to  and  slightly  larger  than  that  necessary  to  accommodate  the  number  of  modes  ob¬ 
served  in  the  windqwed  frequency  range.  For  the  simulated  data,  which  contained  two  flexible  modes, 
fourth  and  sixth  order  difference  equation  models  were  used  in  each  analysis  window.  Modeled  fre¬ 
quency  domain  plots  calculated  by^  the  software  for  each  identified  difference  equation  model Jn  each 


analysis  winaow  were  used  for  comparison  with  the  corresponding  frequency  respcose-  use  relation  cal- 
eu  !ated  from  the  actual  data.  This  latter  comparison  of  identified  model  and  calc  uiafett  raw  data  Ire-, 
quency  response  information  helps  the  analyst  to  eliminate . results  which  ace  cimcrssif  in  error  as  irnti 
eatt-d  by  a  poor  match.  The  accuracy  of  the  results  can  be  qu.te  sensitive  to  both,  wrote *  asd' model 
order  variations  generally  requiring  an  experienced  analyst  t6  interpret  the  reatlis  obtained.  A  signlfi 
cant  advantage  trait  the  maximum  likelihood  method  has  over  the  current  technique- is  that  only- one  all- 
encompassing  model  is  used  for  analysis.  An  additional  advantage  is  that  all  the  etas  a  in  the  measure-: 
ment  record  ts  used,  thus  eliminating  the  need  for  windowing  information. 

The  statistical  results  displayed  .n  Tables  3  and  4  reflect  the  performance  of  current  least-squares 
analysis  software  in  processing  the  simulated  randomly  excited  and  swept  frequency  data.  •  espectively 
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Scatter,  plots  of  the  random  analysis  results  for  the  best  analysis  window  (1  to  15  Hz  with  a  fourth  order 


model)  are  shown  for  data  record  lengths  of  10,  30,  and  90  see  in  Fig.  13.  These  results  are  inferior 
to  those  obtained  for  the  maximum  likelihood  technique  (see  Fig.  71,  specifically  with  respect  to  the  low- 
level  9.3223  Hz  mode.  The  last  three  entries  in  Table  3  show  that  minor  variations  in  frequency  win¬ 
dowing  and  model  order  caused  the  results  for  the  low-level  mode  to  degrade  significantly,  even  with 
30  sec  of  data  available  for  analysis.  In  practice,  the  scatter  introduced  by  email  window  and  model 
order  differences  proves  to  be  one  of  the  more  significant  shortcomings  of  the  current  lecist~souiires 
analysis  approach  and  often  makes  evaluation  of  the  test  data  difficult.  The  results  shown  m  Table  4  and 
Fig.  17  show  similar  performance  on  the  simulated  swept  frequency  data.  For  this  data  analysis,  the 
best  results  were  obtained  'with  a  window  of  1.2  to  13  Hz  and  a  sixth  order  difference  equation  model. 
Here  the  low-frequency  mode  was  more  difficult  to  analyze  due  to  the  short  duration  shaker  sweep.  '  The 
high-frequency  mode  was  driven  out  relatively  well  on  the  second  measurement  signal  (see  Fig.  10) 
which  was  the  only  signal  used  in  the  least-squares  analysis.  From  the  standpoint  of  accuracy,  the  re¬ 
suits  indicate  that  the  maximum  likelihood  algorithm  is  clearly  superior  to  the  least-squares  approach. 


5.  CLOSING  COMMENTS 


The  preliminary  results  discussed  in  Section  4  indicate  that  the  maximum  likelihood  technique  is  ana¬ 
lytically  capable  of  accurate  otermining  modal. frequency  and  damping  estimates  from  noisy  flutter 
response  signals.  Its  ability  mo-del  both  process  and  measurement  noise  enable  it  to  consistently  out¬ 
perform  older  methods.  Most  notably,  the  method  can  accurately  determine  modal  characteristics  in 
those  flight  test  situations  where  the  measured  data  is  dominated  by  or  solely  due  to  the  aircraft’s  aero- 
elasttc  response  to  atmospheric  turbulence.  In  light  of  these  results,  the  ability  to  use  the  maximum 
likelihood  method  to  confirm  the  validity  of  a  detailed  physical  aeroelgstic  model  which,  in  turn,  would 
be  used  to  make  accurate  flutter  margin  projections  seems  mere  plausible.  In  any  event,  the  increased 
accuracy  tn  determining  modal  frequency  and  damping  results  will  allow  more  precise  extrapolations  of 
these  measured  quantities  to  obtain  flutter  margin  estimates. 

The  maximum  likelihood  algorithm  requires  multiple  passes  through  a  given  test  data  record  to  obtain 
final  convergence  on  estimated  parameter  values.  The  technique  is  computationally  intensive,  and  com¬ 
pared  to  our  current  least-squares  method,  generally  requires  a  1  to  2  order  of  magnitude  increase  in 
computer  arithmetic  processing  power  for  the  timely  determination  of  results.  Use  of  this  advanced 
analysis  technique  in  on-line  flight  testing  requires  a  high-speed  computer  with  at  least  a  half  million 
words  of  central  data  memory.  We  consider  our  plans  to  implement  this  method  on  a  Floating  Point 
Systems  164  peripneral  array  processor  .to  be  a  minimum  capability  configuration  allowing  us  to  handle 
flutter  models  in  the  10  to  30-state  range  in  an  on-line  processing  environment.  Larger  models  would 
be  handled  in  a  batch  processing  environment  on  the  164  array  processor  or  dispatched  to  a  supercom¬ 
puter  supporting  test  operations.  Realization  of  this  on-line  processing  goal  is  dependent  on  initializing 
the  algorithm  with  aeroelastic  models  that  enable  convergence  to  be  achieved  quickly.  Here  our  primary 
approach  will  be  to  use  analytically  derived  engineering  models  precomputed  for  each  anticipated  test 
condition  or,  alternately,  models  determined  at  the  previous  test' point  in  an  incremental  test  build  up. 
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SUMMARY  . 

'Performance  trials  of  the  European  combat  aircraft  TORNADO  have  concentrated- on  the 
systematic  measurement  of  lift  and  drag  polars.  Such  polars  have  been  successfully 
measured  by  means  of  well-adapted  test  instrumentation,  a  data  reduction  system,  and 
a  high  calibration  standard  of  the  aircraft  and  engines.  The  use  of .a  certain  combina¬ 
tion  of  steady-state  and  dynamic  test  maneuvers  has  resulted  in  a  drastic  reduction  in 
the  amount  of  flight  time  required  to  obtain  sufficient  data  for  the  determination  of 
the  zero  lift  drag,  induced  drag  characteristics  and  drag  increments  due  to  aircraft 
conf iauration  changes.  Flight  test  results  are  presented  which  demonstrate  the  advantage 
of  the  test  technique  utilized  and  the  high:  data'  quality  achieved.  — —  x 

NOMENCLATURE 

A7  ■  nozzle  -exit  area  calculated 

Aj  =  nozzle  exit  area  measured 

AXD  *  acceleration  along  flight  path 

Azl  »  acceleration  normal  to  flight  path 

AXNC,  AYnc,  AZnc  =  acceleration  corrected 

Cq,  Cl  -  coefficient  of'  drag  and  lift,  respectively 

CG  •  »  gross  thrust  coefficient 

Cqjj  *  nozzle  discharge  coefficient  ' 

C.G.  »  center  of  gravity 

=  specific  heat  value 
«  drag 

*  ram  drag  • 

«  effective  heating  value 
=*  excess  thrust 

*  gross  thrust 

'•  g^oss  thrust  ideal  (calculated) 

*  net  thrust  , 

«  enthalpy  (Cp  •  TT) 

=  gravitational  constant 

Kj  »  angle-of-attack  calibration  coefficients 

L  •  lift 

MFm  =»  main  fuel  mass  flow 

MFr  »  reheat  fuel  mass  flow 

Mt  »  Mach-true  Mach  number 

«  air  mass  flow  at  engine  entry 
M<j  -•  «'  gas  mass  flow  at  nozzle  entry 

_  '  . »  gas  mass  flow  at .nozzle  exit 


CP 
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FEX 
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fn 
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=  bleed  mass  flow 
=  high  pressure  spool  speed 
=  low  pressure  spool  speed 
=  load  factor 
=  ambient  pressure 

=  mixed  total  pressure  (from  PT4  +  PT4LB) 

=' total  pressure  at  nozzle  exit 
=  static  pressure  HP-compressor  exit 

=  static  pressure  bypass  entry 

=  static  pressure  at  nozzle  exit 

=  total  pressure  at  engine  entry 
=  total  pressure  at  bypass  entry 
=  total  pressure  at  LP-turbine  exit 
=  total  pressure  at  bypass  exit 
=  total  pressure  at  nozzle  exit 
=  power  off  take 
=  roll  rate 

=  pitch  rate  or  dynamic  pressure 
=  angle  of  attack  sensor  x-axis  distance  to  C.G 

=  angle  of  attack  sensor  y-axis  distance'  to  C.G 

=  sea  level 

=  static  temperature  at  nozzle  exit 
=  total  temperature  bleed  outlet 
=  fuel  temperature 
=  free  stream  total  temperature 
=  total  temperature  HP-compressor  exit 
=  total  temperature  bypass  entry 

*  mixed  jet  pipe  entry  temperature 

*  total  temperature  at  nozzle  exit 

=  true  airspeed  ,  . 

=»  nozzle  exhaust  speed  , 

=  weight 

=  corrected  true  angle  of  attack 
=  indicated  angle  of  attack 
=  angle  of  sideslip 
=  angle  of  flight  path 

*  nozzle  area  correction  , 

=  pmix  pj 
=  burner  efficiency 
»  angle  of  wing  sweep 

*  angle  of  engine  installation 
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INTRODUCTION 

The  determination  of  the  performance  capability  of  a  newly  developed  combat  aircraft 
during  flight  testing  is  of  great  importance.  The  purpose  of  aircraft  performance  trials 
is  to  obtain  character istic  performance  data  for  the  entire  mission  spectrum.  These  data 
are  needed  in  order  to  compare  flight  test  derived  results  with  predicted  data,  to  deter¬ 
mine  the  performance  capability  of  the  aircraft,  and  to  provide  evidence  of  this  capabi¬ 
lity  to  the  customer. 

As  a  rule,  when  a  new  aircraft  project  is  being  developed,  the  first  phase  of  testing 
is  carried  out  on  prototypes  with  an  airframe  and  a  powerplant  system  which,  in  most 
cases,  are  not  completely  identical  to  those  in  the  final  production  aircraft.  For  this 
reason,  the  accurate  measurement  of  engine  thrust  and  the  establishment  of  the  lift  and 
drag  polars  should  be  given  priority  from  the  very  beginning. 

Thus,  in  the  course  of  flight  testing,  the  aerodynamic  qualities  of  the  airframe  and  the 
effectiveness  of  the  power  system  can  be  determined  and  analyzed  systematically.  These 
considerations  were  of  particular  importance  in  the  case  of  the  European  combat  aircraft 
Tornado.  On  the  one  hand,  flight  testing  on  the  newly  developed  RB  199  three-spool  engine 
has  been  started  simultaneously  with  aircraft  testing.  The  result  was  that  most  of  the 
aircraft  performance  trials  had  to  be  carried  out  with  engines  whose  performance  charac¬ 
teristics  were  not  identical  to  those  of  production  engine.  On  the  other  hand,  the  aero¬ 
dynamic  configuration  of  the  first  prototypes  was  not  identical  to  that  of  the  final 
production  aircraft.  Windtunnel  tests  had  already  revealed  that  various  modifications 
had  to  be  flight  tested  so  as  to  optimize  the  airframe.  Beyond  that,  a  large  number  of 
different  aircraft  configurations  (i.e.  different  wing  sweeps,  flap/slats  settings,  ex¬ 
ternal  stores)  had  to  be  tested  within  an  extensive  Mach,  altitude,  and  normal  acceler¬ 
ation  envelope. 

Therefore,  the  objective  of  Tornado  performance  trials  was  to  determine  the  performance 
characteristics  by  means  of  an  economic  test  method  which  ensures  high-quality  data,  and 
to  evaluate  and  analyze  the  test  results  within  a  short  time  period.  This’  paper  gives  a 
general  overview  of  the  methods  and  techniques  which  were  used  to  measure  the  Tornado 
lift  and  drag  polars,  and  it  also  presents  typical  test  results.  The  thrust- in- flight 
measurement  method  used  in  this  context  is  briefly  discussed. 


TEST  AIRCRAFT 


The  design  of  the  two-seat  Multi  Role  Combat  Aircraft  Tornado  is  characterized  by  its 
compact  fuselage  and  shoulder  mounted  variable  geometry  wing,  and  its  low  taileron  and 
relatively  tall  vertical  fin.  A  three-view  drawing  of  the  airplane  is  shown  in  Fig.  1. 
The' sweep  range  of  the  wing  is  25°  to  67*  and  can  be  manually  controlled  in  flight. 

Lift  augmentation  for  takeoff,  landing  and  maneuvering  is  provided  by  full  span  leading- 
edge  slats,,  double-slotted  tralling-edge  flaps,  and  Krtlger'  flaps  on  the  highly  swept 
fixed  wing  gloves.  Two  speed  brakes  with  an  automatic  blowback  system  are  located  on 
the  upper  side  of  the  rear  fuselage.  A  wide  range  of  external  stores  can  be  carried  on  a 
total  of  seven  pylons;  three  pylons  under  the  fuselage  and,  under  the  movable  wings;  two 
swiveling  pylons  each.  The  air  .intake  system  consis :s  of  two  horizontal,  two  dimensional 
variable  geometry  inlets  with  three  ramps.  Ploughshai 
seperate  the  intake  from  the  fuselage  side.  An  inle  :  throaf  bleed  hood  1a  lopated  on  the 
top'  of  each  intake'  for  ramp  boundary-layer  control  »nd  inlet  air  bypass.  Furthermore,  two 
blow-in  auxiliary  doors  are  on  the  side  of  each  int  ike  in  order  to  achieve  high-pressure 
recovery  under  takeoff  conditions. 


The. aircraft  is  powered. by  two  RB199-34R  engines,  di 
TURBO-UNION.  The  RBI 99  is  a  three-spool  bypass  engifv 
takeoff  and  combat  conditions  and  for  low  fuel  cons 
altitudes.  Fig.  2  shows  a  schematic  cutaway  view  of 
driven  by  a  two-stage  low-pressure  (LP)  turbine.  A 
compressor  is  driven  via  a  seperate  shaft  by  a  sing|L 
high-pressure  (HP)  compressor  is  driven  by  a  single 
combines  a  conventional  turbojet  burner  with  gutter] 
efflux  and. a  seperately  fueled  colander  ourner  for 
gent  exhaust  nozzle  consists  of  fourteen  pairs  of 
tals.  The  nozzle  area  varies  from  a  minimum  of  0 . 208 
Bucket-type  thrust  reversers,  developed  to  fulfill 
landing  distances,  are  mounted  at  the  rear  of  the  e: 


TEST. EQUIPMENT 


All  test  aircrafts  involved  in  Tornado  performance 
test  instrumentation  of  high  quality  which  also  con 
trol  and.  propulsion  systems  flight  testing.  The  Inst 
to  record  all  data  on  magnetic  tape  and  to  telemeter 
with  a  data . reduction  system  for  real-time  analysis 


pveloped  by  the  trinational  consortium 
e ,  designed  for'  high  thrust  under 
Jimption  in  high  subsonic  flight  at  low 
the  engine.  The  three-stage  fan  is 
£hree-stage  intermediate-pressure  (IP) 
e-stage  IP-turbine,  and  the  six-stage 
stage  HP-turbine.  The  reheat  system 
flame  stabilizers  for  the  hot  turbine 
£he  bypass  flow.  The  variable,  conver¬ 
terlocking  primary  and  secondary  pe¬ 
rn*  to  0.4  ra*  at  maximum  reheat, 
the  .requirements  for  extremely  short 
ngine. 


ih 


.esting  were  equipped  with  flight 
gained  parameters  for  stability/con- 
rumentation  system  has  the  capability 
it  to'  the  ground  station,  equipped 
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The  onboard  data  acquisition  system  consisted  of  a  Pulse  Code  Modulation  System  fFCM) 
ira  a  Frequency  Modulation-Multiplex  System  (FM/FM)  to  record  and  transmit  digital  and/  . 
ir  analog  signals.  It  also  included  units  for  signal  conditions,  filtering,  and  time- 
iodine.  The  entire  measuring  chain  of  each  individual  performance  parameter  was  calibra- 
;ad  and  continuously  monitored  during  the  performance  test  phase  in  order  to  achieve  the 
required  test  data  accuracy.  Particular  emphasis  was  placed  on  the  accurate  measurement 
if: 

o  total  and  static  pressures,  angle  of  attack  and  sideslip 
by  means  of  a  specially  developed  noseboom  with  wind  vanes; 

o  longitudinal,  lateral,  and  normal  acceleration  using  thermally 
controlled  sensitive  accelerometers  which  were  accurately 
aligned  and  installed  close  to  the  center  of  gravity  of  the 
aircraft; 

o  specific  engine  parameters  such  as  pressures,  temperatures, 
fuel  flow  etc.,  as  shown  in  Fig.  2  which  are  required  for 
the  determination'  of  engine  thrust-in-flight. 

Ingine  calibration  data  (for  example,  discharge  coefficient,  thrust  coefficient,  pressure 
Loss  in  the  afterburner  tailpipe,  etc.)  used  in  conjunction  with  in-flight  measured  engine 
larameters  for  the  calculation 'Of  engine  mass  flow  and  net  thrust,  were  obtained  from 
special  'component  test  beds  or  from  Altitude  Test  Facilities  (ATF) .  Engines  used  for  per¬ 
formance  trials  (drag  measurements)  were  generally  calibrated  in  the  AT-Facility  at  the 
'Jational  Gas  Turbine  Establishment  (NGTE)  at  Pyestock,  U.K. 


BACKGROUND 

hiring  flight  test,  the  lift  and  drag  of  the  total  aerodynamic  force  cannot  be  measured 
iirectly, however ,  they  can  be  calculated  from  measurable  quantities.  This  is  illustrated 
selow,  showing  the  forces  which  act  on  the  aircraft.  The  lift  and  drag  can  be  expressed 
is  follows  (see  also  Fig.  3): 

L  =  -Fg  sin(otT+6  )  +  (w/g) .AZl 
:L  =  L/(S.q) 

D  =  FG.cos(OtT+«  ).cos^T  +  FG-si.n£T  t 
-DR- cosPT  +  (W/g)-AXD 
:D  =  D/(S.q) 


The  engine  installation  angle  and  the  wing  reference  area  S  are  fixed,  known  geometric 
juantities.  The  dynamic  pressure  q  can  readily  be  obtained.  It  can  be  seen  that  lift  and 
Irag  are  dependent  on  the  gross  thrust  FG,  the  intake  ram  drag  DR,  the  aircraft  weight  W, 
;he  longitudinal  acceleration  AXD,  and  the  normal  acceleration  AZ^  as  well  as  the  actual 
irgle  of  attack*  and  the  angle  of  sideslip^.  These  remaining  quantities  are  discussed 
In  the  following  sections.  ,  . 


CN-FLIGHT  THRUST  DETERMINATION 

Che  so  called  "thrust  derived  Pj/nozzle  calibration"-method  for  engine  performance  and 
aircraft  drag  analysis  was  developed  in  cooperation  with  the  engine  manufacturer.  This 
nethod  is  labelled  as  a  "linked  method"  since  the  most  important  engine  parameters  i.e. 
jross  thrust  and  air  mass  flow. are  determined  at  the  same  engine  station,  the  nozzle 
axit  plane.  . 

fyiy  pressure  distortion  induced  by  the  intake  and  any  temperature  profile  disturbance 
ran  be  thereby  eliminated  as  much  as  possible.  Heasurements  made  farthest  downstream 
if  the  engine  will  usually  give  better  results  than  those  carried  out  just  behind  the  fan. 
\  further  important  point  is,  that  the  same  engine  respectively  engine  instrumentation 
lave  been  used  in  flight  as  during  ATF  calibration  in  order  to  avoid  any  systematically 
irrors.  The  engine  gross  thrust  FG  and  ram  drag  DR  are  defined  as  follows: 


?ig.  4  shows  the  principle  of  the  method  and  the  procedure  for ,  the  gross  thrust  and  mass 
flow  determination.  Using  in-f light  measured  and  estimated  engine  parameters  (i.e.  MFjv,, 
4Fr»  TT^ ,  TTc ,  ect.)  the  massflow  Me;  at  the  nozzle  entry  is  calculated  by  a'  heat  balance 
Dver ' the  whole  engine.  Such  a  heat  balance  results  in  the  following  equations  (also,  see 
?ig.  5).  - 
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M5«VG1)  =  EKV(MFm.7c+Mfr*  7r)  -  MBL!GrGBL>  '  P0T 


and  the  mass flow  at  the  e:  gine  face  is 


H,  =  M5  +  M3L  -  (MFM  +  MFr) 

With  the  nozzle  discharge  coefficient  Cp^  obtained  from  model  tests  a  geometric  nozzle 
area  A7  is  determined  and  compared  with  the  real  measured  nozzle  area  Aj. 

Herewith  any  thermodynamic  parameters  in  the  nozzle  exit  plane  and  consequently  an  ideal 
gross  thrust  Fg^  and  an  ideal  nozzle  area  A-^^  are  to  be  determined  utilizing  measured 
PMIX  and  the  A P-calibration  data.  This  comparison  will  usually  show  that  both  areas  differ 
after  this  first  step.  Therefore  a  nozzle  matching  will.be  performed,  i.e.  the  whole  cal¬ 
culation  loop  for  thrust  and  massflow  will  continue,  after  having  corrected  the  calculated 
nozzle  A-j  by  aAA 7  term.  ThisAA^  value  is  obtained  from  another  calibration  curve6A7/A7 
which  is  a  function  of  the  corrected  gas  flow  at  jet  pipe  entry. 

If  A7  and  the  real- measured  nozzle  area  Aj  are  identical,  then  gross  thrust,  net  thrust 
and  various  engine  performance  parameters  can  finally  determined.  For  the  reheated  engine 
conditions,  the  calculation  of  the  static  parameters  in  the  nozzle  exit  plane  including 
the  reheat  nozzle  area  require  the  determination  of  the  reheat  temperature  and  the  funda¬ 
mental  pressure  loss  due  to  heating.  In  this  case  another  calibration  curve  for  the  reheat 
efficiency  ?Roheat  =  ^  (reheat-temperature  TT7)  is  used.  Again  this  characteristic  is  the 
result  of  Sea-Level-Test  bed  and  ATF  testing.  The  required  max.  capability  curve  for  TT7 
and  reheat  efficiency  have  been  evaluated  from  component  test  beds.  The  subsequent  calcula¬ 
tion  steps  are  then  the  same  as  above.  . 

Finally  the  in-'f light  engine  thrust  r  .suiting  from  this  method  is  adjusted  to  the  defined 
Tornado  thrust/drag  bookkeeping  system.  This  means  that  drag  components  such  as  subcritical 
spill  drag  and  nozzle  interference  drag,  which  are  functions  of  engine  rating  and  flight 
condition,  are  accounted  for  within  the  thrust  term  (see  Fig.  6) .  These  drag  items  have 
been  obtained  from  windtunnel  tests  with  special  intake  and  propulsion  nozzle/afterbody 
models.  Hereby  the  polars  have  been  made  completely  independent  of  induced  drag  effects 
due  to  engine  rating. 


AIRCRAFT  ACCELERATION  MEASUREMENT 

For  use  in  the  basic  equations, the  total 
along  and  normal  to  the  flight  path  (AXD 
can  be  derived  from: 

nz  *  Fex  =  AXD*(W/g) 


inertia  force  must  be  split  into  components 
and  AZj.) .  The  load  factor  and  the  excess  thrust 


Accelerations  can  be  determined  by  two  different  methods: 
o  the  "classic" .TOTAt  ENERGY  METHOD  for  stabilized  flight  maneuvers ,. and 
o  the  ACCELEROMETER  METHOD  mainly  for  dynamic  flight  maneuvers. 


The  TOTAL  ENERGY  METHOJ  makes  use  of  pitot/static  system  indications  only  and  gives  the 
accelerations  directly  in  the  required  lift/drag  axis.  AXp  is  determined  via  the  residual 
rate  of  change  of  altitude  and  speed  (dH,  dVT)  over  the  stabilized  part  (dt)  of. the  maneuver 


AXr 


dVT  +  dH  x 
~3F  eft 


2. 

VT 


The  normal  acceleration  AZ^  is  calculated  via  the  flight-p*  angle  K  ,  a  rectilinear 
trajectory  supposed: 


AZL  ■*  g  .  cos  f 


where  f  is  derived  from 

» 

The , "classic"  maneuver  for  the  application  of  this  method  is  the  steady  level;  however-, 
to  a  certain  extent  -  accelerations/decelerations  and  climbs/descents  at  constant  rates 
can  be  evaluated  as  well.  Excess  thrust  is  determined  with  a  high  degree  of  accuracy. 


-b 

he  ACCELEROMETER  METHOD  uses  the  readinqs  of  an  accelerometer  package  for  the  three 
ircraft  axes.  After  a  correction  for  cross-axis  sensitivity,  the  measured  accelerations 
ave  to  be  transferred  from  the  location  of  the  sensors  to  the  centre  of  gravity  and  then 
rom  the  body  -  into  the  aerodynamic  (lift/drag)  system  of  axes.  The  transformations  were 
.one  by  the  use  of  standard  equations  which  might  be  modified  if  the  sensors  measure  in 
ny  other  than  the  body  axes  (for  example  in  the  geodetic  system  as  with  an  inertia},  navi- 
ation  platform).  The  resultant  equations,  as  used  in  the  data  reduction,  ace  given  in 
'ig.  7  in  terms  of  AXD  and  AZL. 


.NGLE-OF- ATTACK  SIDESLIP.  MEASUREMENTS 

'he  angle  of  attack  was  measured  by  a  noseboom  mounted  wind  vane  or  by  a  fuselage  mounted 
[if ferential  pressure  probe.  A  final  accuracy  of  =  ±  0.1  deg.  is  mandatory  and  this 
•equires  a  careful  calibration  which  considers  the  following  factors: 

o  correction  for  local  flow  and  upwash  effects  from 
in-flight  calibration  (C6p=  +  K2  .  oC^) 

o  pitch  (roll)  rate  correction  =  arcsin  (qrx/VT) 

r  =  arcsin  (pry/VT) 

o  fuselage  and  noseboom  bending  due  to  air  and  inertia 
loads  (from  static  structural  tests  and  in  flight 

calibration) 

o  correction  due  to  inclined  installation  of  the  sensor 


’his  finally  leads  to  the  true  angle  of  attack  for  a  given  Mach  number: 

*T  =  K1  +  K2  .  cCL 

:n  a  similar  way  the  sideslip  can  be  determined;  however,  the  main  interest  during  lift/ 
Iraq  measurements  is  a  correct  indication  of  a  zero  sideslip,  as  the  test  maneuver  should 
;e  carried  out  at  zero  sideslip. 


lIRCRAFT  MASS  AND  CENTER  OF  GRAVITY  DETERMINATION 

?he  actual  gross  weight  (W)  and  center  of  gravity  (C.G.)  are  calculated  from  the  empty 
/eight  and  the  fuel  contents  in  the  individual  tank  groups.  Aircraft  empty  mass  and  the 
;orresponding  C.G.  were  determined  by  weighing.  The  actual  contents  of  the  fuel  tank 
jroups  was  measured  in-flight  by  fuel  gauges  which  are  calibrated  ,for  various  attitude 
ingles  on  a  special  fuel  rig.  Furthermore  the  measured  tank  contents  were  checked  inde- 
jentendly  by  integrating  the  fuel  flowmeter  readouts  over  an  entire  flight.  With  this 
procedure  it  is  possible  to  determine  the  weight  to  within  ±  50  kg. 


TEST  TECHNIQUE 

The  need  for  a  cost-effective  test  procedure  and  an  accurate  method  for  determining  lift 
ind  drag  polars  over  a  large  angle-of-attack  range  at  a  const.  Mach  number  requires  the 
lse  of  various  dynamic  maneuvers  in  combination  with. steady  levels.  The  flight  maneuvers 
/hich  were  used  in  testing  are  tabulated  and  described  in  Fig.  8.  Depending  on  the  aircraft 
configuration  and  the  Mach-range  to  be  covered,  the  following  maneuver  sequence  was  per¬ 
formed. 


ZRUISE,  MANEUVER, AND  HIGH-SPEED  POLARS 

After  a  steady  level  flight  of  2  to  2.5  minutes  duration,  the  range  of  angle  of  attack 
(corresponding  to  a  load  factor  of  Og  to  2g)  about  the  trim  point  is  covered  by  means  of 
a  roller  coaster  maneuver.  After' this  maneuver  the  aircraft  is  stabilized  briefly  and  then 
the  range  of  greater  incidence  angle  (corresponding  to  a  load  factor  of  Ig  to  maximum  g) 
is  tested  by  means  of  a  wind  up  turn  maneuver.  Using  this  combination,  it  is  possible  to 
abtain  the  flight  data  for  the  entire  incidence  range  within  three  to'  four  minutes.  An¬ 
other  advantage  of  this  method  is  the  chance  of  comparing  continuously  the  results  obtained- 
from  different  types  of  flight  maneuvers.  Thus  possible  measuring  errors  (shifts,  offsets) 
can  be  detected  more  easily  and  more  quickly,  and  even  small  residual  errors  in  ;the  measu¬ 
rements  or  alignment  of  the  accelerometers  can  be  verified. 

A  test  flight  can  cover;  a  large  number  of  such  maneuver  sequences  'when  higher  or  lower 
test  Mach . numbers  are  joined  by  accelerations  or  decelerations, as  shown  in  Fig.  9. 


This  test  technique  produces  further  test  data  and  allows,  in  addition,  the-  verification 
of  the  drag  rise  and  the  zero  lift  drag. 


LOW-SPEED  POLARS  (TAKEOFF-LANDING  CONFIGURATION) 

In  the  range  below  Ma  =  0.4  ACCELERATION- DECELERATION- ACCELERATION  and' SLOW-DOWN  maneu¬ 
vers  were  used  instead  of  roller  coaster  or  ,ind-up  maneuvers  because  in  this  range  Mach 
effects  on  the  polars  are  negligible'  and  the  aircraft  can  be  piloted  better.  Again  these 
maneuvers  are  carried  out  after  a  steady  level  flight  of  2  to  2.5  minutes  duration.  The 
ACCELERATION-DECELERATION-ACCELERATION  maneuver  is  used  for  testing  the  range  of  angle  >f 
attack  about  the  trim  point  and  the  SLOW-DOWN  maneuver,  for  the  range  up  to  the  maximum 
permissible  angle  of  attack.  Consequently,  the  entire  polar  can  be  flown  within  approxi¬ 
mately  five  minutes. 

Using  this  test  method  it  was  possible,  for  example  in  the  course  of  TORNADO  testing,  to 
establish  a  complete  set  of  subsonic  polars  within  a  one  hour  test  flight.  Without  using 
dynamic  test  maneuvers,  the  flight  time  required  to  obtain  test  data  even  for  a  limited 
range  of  angle  of  attack  would  be  at  least  four  to  five  times  greater.  Furthermore,  it  is 
evident  that  conventional  steady  level  maneuvers  do  not  allow  collection  of  enough  data 
points  for'  the  determination  of  induced  drag  and  zero  lift  drag  characteristics,  which 
are  required  for  aircraft  performance  optimization  and  accurate  performance  prediction. 


POST  FLIGHT  ANALYSIS  AND  PRACTICAL  ASPECTS 

The  test  data  are  processed,  with  the  aid  of  a  comprehensive  computer  software  program. 
This  software  uses  the  airbotne  tape  as  test  data  source  and  performs  all  operations , 
calculations  and  corrections ' required  to  establish  a  polar.  This  degree  of  automation 
in  data  flow  and  data  evaluation  makes  it  possible  to  carry  out  the  complete  analysis 
of  the  measured  polars  within  one  day. 

However,  particular  attention  must  be  paid  to  the  following  problem  areas  in  order  to 
achieve  the  data  accuracy  and  quality  aimed  for. 


ANGLE  OF  ATTACK/ACCELEROMETER  COMPLEX 

The  equations  in  Fig.  7  show  that  the  accelerometer  method  requires  a  large  number  of 
parameter  in  order  to  calculate  the  acceleration  (AXd)  along  the  flight  path  and  this 
makes  the  method  more  sensitive  then  the  total  energy  method.  This  problem  area  was  in¬ 
vestigated  in  detail  within  a  sensitivity  study.  One  of  the  results  of  this  study  is 
qiven  in  Fig.  10,  which  demonstrates  the  effect  of  an  error  in  the  angle  of  attack  on  a 
drag  polar.  For  example,  an  error  f  ±  0.3°  will  alter  the  character  of  the  polar  comple¬ 
tely  and  the  induced  drag  will  be  on  by  about  6%. 

Therefore  a  comprehensive  check  and  calibration  procedure,  as  shown  in  Fig.  1 1 ,  was  car¬ 
ried  out  during  the  polar  measurement, s .  This  procedure  included  the  following  steps: 

,  o  Checks  on  the  accelerometers  in  the  laboratory 

•  and  the  accurate  alignment  of  the  installed  accelero¬ 

meter  package  with  the  aircraft  axes.,  Any  offsets  or 
misalignments  were  recorded  so  as  to  include  necessary 
corrections  into  the  final  polar  determination. 

o  Accurate  in-flight'  calibration  of  the  angle  of  attack 

using  different  methods.  .  1 

However,  experience  shows  that  despite  this  procedure,  small  residual  errors  may  still  be 
unaccounted  for  because  in  real  life  tne  accuracy  in  aligning  the  accelerometer  package 
or  calibrating  the  angle  of  attack  in-flight  is  limited.  Thus,  a  final  in-flight  check 
method  was  applied  using  steady  .state  maneuvers  as  reference,  i.e.  existing  residual  acce¬ 
lerations  during  steady  levels  were  determined  via  the  total  energy  ana  the  accelerometer 
method.  The  results  obtained  by  the  total  energy  method  are  regarded  of  better  standard 
as  residual  accelerations  can  be  determined  very  accurately  via  the  rate  of  speed  and  alti¬ 
tude.  Existing  differences  (A  AX)  to  the  results  obtained  by  the  accelerometer  method  can 
be  expressed  as  a  residual  angle  of  attack  error  as  follows. 

=,.  ^AX  •' 

AAX  =  <AXD  TOTAL  ENERGY  ~  AXD  ACCELEROMETER1  ' 


This  mathematical  relation  can  be  derive.,  from  the  basic  equation  n  Fie.  7  where,  for 
the  case  of  steady  levels,  (3  *0,  n,  =  1  and 

sin  <C  -  AX^C  -  AXd 

AoC  ,  A  AX  . 


Results  of  such  in-.f light  checks  are  also  shown  in  Fig.  11.,  where  the  true  angle  of  at¬ 
tack  oC^.and  the  corrected  angle  of  attack  tflj.  =  cCr?  are  compared.  The  excellent 

aareement  confirmes  that  in  this  ideal  case  no  further  correction  is  required  for  the 
final  polar  evaluation. 


DATA  FILTERING  AND.  SMOOTHING 

To  a  certain  extent  data  filtering,  either  on-board  (pre-sample  filters)  or  within 
the  test  data  evaluation  software  (digital  filters),  is  necessary  so  as  to  avoid  that 
critical  measurements  be  affected  by  unwanted  factors. 

For  example,  the  accelerations  measured  by  accelerometers  during  a  dynamic  maneuver  are 
of  .a  very  low  frequence  type.  But  appreciable  signals  coming  through  at  much  higher  fre¬ 
quencies  than  those  of  interests  can  cause  scatter  in  the  data  or  biasing  errors  depending 
upon  .the  sampling  rate.  Therefore  for  the  Tornado  polar  measurements  the  sample  rate  for 
critical  measurements  such  as  accelerations,  angle  of  attack,  angular  rates  etc.  have 
been  set  to  64  samp/sec  and  well  adapted  digital  filters  were  used  within  the  analysis 
software. 

Furthermore,  a  curve  fitting  routine  was  applied  to  certain  parameters,  if  derivatives 
were  calculated.  For  precise  measurements  the  angular  acceleration  was  determined  by 
differentiating  the  angular  rata  output  of  the  rate  gyros.  The  improvement  in  data  quality 
which  can  be  achieved  by  such  a  technique  is  demonstrated  in  Fig.  12,  hv  means  of  a  drag 
polar. 


FLIGHT  TECHNIQUE'  AND  RECALL  TECHNIQUE 

Test  data  scatter  and  quality  depends  to  a  larae  extent  on  the  precision  ■t..c  pilot  has 
performed  the  maneuvers.  This  means,  that  during  steady  levels  sudden  pilot  inputs  to 
control  airspeed  or  altitude  changes  should  be  avoided  or  alternatively  the  motion  of 
his  indicators  must  continue  in  the  same  direction  in  ord^i  to  minimize  possible  hyster¬ 
esis  errors . 

Dynamic  maneuvers  must  be  performed  slowly  apd  smoothly.  Airspeed  excursions  should  not 
exceed,!  0.01  to  0.02  Ma  and  the  maximum  pitch  rates  should  be  below  2°/sec.  These  condi¬ 
tions  and  consequently  the  quality  of  the  test  maneuvers  were  checked  during  the  Tornado 
polar  measurements  by  a  specially  developed  recall  system.  This  system  enables  the  flight 
test  engineer  to  selectively  process  maneuver  packages  during  the  test  flight  using  tele¬ 
metered  data,  whereby  significant  parameters,  defined  in  advance,  will  be  calculated.  Thus, 
after  the  maneuver  results  are  output  in  graphic  form  onto  a  display  followed  by  a  hard 
copy  as  demonstrated  in  Fig.  13  using  a  roller  coaster  maneuver.  The  criteria  used  in 
validating  the  maneuver,  are  in  this  case  the  evolutipn  of  the  angle  of'  attack,  the  air¬ 
speed,  the  normal  acceleration  and  the  lift  coefficient. 


iilST  RESULTS 

Typical  flight  test  results  obtained  from  the  Tornado  performance  test  program  are  pre¬ 
sented  and  discussed  in  the  following.  All  flight  data  were  generally  corrected  to  defined 
standard  reference  conditions  in  order  to  make  test  data  (obtained  from  different  flights) 
comparable  among  each  other  or  with  predictions.  This  data  reduction  procedure  includes 
correction  for  altitude  (Reynolds  number),  center  of  gravity  position  and  power  effects. 
However,  test  flights  were  normally  performed  close  to  the  reference  conditions  to  keep 
correction  terms  as  small  as  possible;  , 


REPEATABILITY  OF  TEST  DATA  .  ' 

Fig.  14  and  Fig.  15  show  typical  lift  and  drag,  polars  for  the  Cruise  and  takeoff /landing 
confi curat ions  which  were  measured  on  three  different  test  aircraft,  however;  with  the  same 
airframe  standard  as  far  as  performance  is  concerned.  For  example,  flight  test  data  collec¬ 
ted  for  a  wing  sweep  of  67°  at  Ma  .=  0.7  fall  within  a  scatterband,  of  +.1.5%  in  the  case 
of  lift  and  +3%  in  the  case  of  drag  (Fig.  14).  This  is  a  remarkable  result,  Keepinq  in. 
mind  that: 


standard  were  used 


o  the  accuracy  of  the  in-flight  thrust  is  in  the 
order  of  *  2.5  . j  .  3% 

o  the  accuracy  of  the  true  angle  of  attach  is  r.ot 
better  than  ♦  0.1° 


Furthermore ,  the  results  show  excellent  correlation  between  steady-state  and  dynamic 
test  techniques  .  'However,  it  must  be  emphasized  that  such  an  agreement  ca,"  only  be  achie¬ 
ved  if  roller-coaster  or  wind-up  turn  maneuvers  are  performed  slowly  and  smoothly  and  a 
certain  angle-of-attack/accelerometer  calibration  standard,  is  discussed  above,  has  been 
attained. 

Comparable  results  have  been  achieved  in-  the  case  of  low-speed  pclars  for  different  flap 
settings,  as  presented  in  Fig.  '15.  Again,  test  data  obtained  from  STEADY  LEVELS,  ACCELEF- 
ATION/DECELERATION  maneuvers,  and  from  SLGA'-DOWN'S  agree  very  well.  Stall  test  results 
from  prototype  airc.aft  A/C  02  (with  special  test  equipments,  i.a.  antispin  chute  etc.} 

•are  also  giver,  in  this  figure.  It  is  a  matter  of  course  that  the  data  scatter  will  increase 
. tder  stall  conditions  (pilot  stick  inputs  due  io  wing  rock,  vibration,  etc.).  However,  it 
wa  possible  to  define  the  maximum  lift  with  a  high  reliability  owing  to  the  larg  i  quantity 
of  test  data  derived  from  SLOW-DOWNS. 


AIRFRAME /OPTIMIZATION 

As  already  mentioned  at  the  beginning,  the  test  method,  as  out!  trieu  i;>  *  bis  paper,  was 
used  for  a  number  of  performance  investigations.  In  order  to  measure  Jit  effect  of  aero¬ 
dynamic  changes  on  lift  and  drag.  An  example  is  erven  in  Fig.  In.  'Tn.  figure  shows  the 
airplane  :ero  lift  drag  variation  with  Mach  number  for  prototype  air. raft  ™ 'C  01,  (unfavo¬ 
rable  rear  end)  and  for  aircraft  A/C  06  (improved  afterbody  s.ha;v>  and  ~  .cences)  .  The 
zero  lift  drag  at  a  given  Mach  number  was  aetermined  from  mt.asurrd  CD  versus  CL’  curves, 
as  shdwr.  in  Fig.  14.  in  all  cases  the  airplane  induced  drag  cha • zcteristiCa  were  obtained 
from  roller-coaster  and  wind-up  turn  maneuvers.  The  quality  and  quantity  of  these  drag 
measurements  give  evidence  to  the  overal'l  drag  change  due  to  nufume  'edifications.  It 
was  possible,  as  shown  in  Fig.  16,  to  reduce  the  drag  level  of  t/C  06  by  about  8t,  which 
was  later  confirmed  by  drag  measurements  on  preseries  *ircrat't  1/C  11  as  well  as  A/C  13. 


COMP’ --ISON  WITH  PREDICTIONS 


Some  representative  comparisons  between  flight  d;  t -  v.u :  ored 
tions  are  based  on  wind-tur.nel  results  which  were  -d-usted  f 
conditions.  Fig.  17  shews  subsonic  and  supe»-»'.i.g  lift/  raq 
wing  sweep  and  at  Ma  «  0.9  and  ;42  for  67'  »  to  sv  .p.  Such 
been  carried  out  for  four  different  Wire  s'  -  •••--  lr,  i.os  or  0 
entire  flight  envelope.  This  allows  the  a--_—  •  •  _e  deterauriati 
number.  Again  the  large  quantity  and  hiV  .uallty  (low  data 
from  dynamic  maneuvers  permit  in  accv  a.e  assessment  of  the 
sible  using  steady-state  maneuvers  only.  In  general,  cor.  pari 
and  predictions  have  shown  gooa  ag;  me  n*-  for  all  wing  si/eop 
found  in  the  lift  and  induced  drag  c*  the  25"  wing.  As  .n  lie 
measured  lift  i  j  better  in  the  n- '-linear  range  of  f  1.* 
angle  of  attack  range,  a  -slight,  y*  steeper  mdo  sid  dr  "  ••  -o 


ictlons  follow,  the  predic- 
rom  model- test  to  full-scale 
polars  at  Ma  «  0.7  for  25* 
polar  measurements  have 
1  Mach  increments  within  the 
or.  of  drag  variation  with  Mach 
scatter)  of  test  data  obtained 
polar  which  would  not  be  pos- 


est  -data 


tu*en  flight  « 

discrepancies  were 
flight 


son 
S.  M 

j'.rd  ir.  r-.g.  17,  the] 
n-lar,  while  over  a  pertain 
.alned. 


Fig.  18  presents  the  zero  lift  :ra  ’  var  itat  .d':-  ■..-.b'T .  The  CD0  flaures,  at  a  given 

Mach  number,  were  determined  'flora  the  tu'.-  _v  -*  tvc»,  a?  given,  for  axaitple  in 

Fig.  17.  After  havlnq  established  tne  .nfui.e!  hm  paracter 1st ic  by  dynamic  mareuvers 

the  zero  lift  drag. in  the  super  jo  n-c  region  w«>  ;-..«)•  *ed  from  accelerations  with  maximum 
reheat  power,  so  as  to  obtain  final  g.aa  seaurev.  t5  at  defined  reference  conditions 
(open  nozzle).  The  comoarlsn  shows  excellent  .aoieement  m  the  subsonic  and  higher  super¬ 
sonic  range.  Flight  data  show  a  somewhat  steeper  drag  rise  in  the  transonic  area,  but 
lower  drag  in  the  low  supersonic  rutti  range. 


Fig.  19  shows  typical  results  of  store  drag  measurements  for  a  heavy  store  confi 
The  measured  total  aircraft  drag  as  compared  to  the  basic  drag  polar  of  the  cleaj: 
is  given1,  for  the  most  interesting  angle  of  attack  range,  on  the  left-hand  side 
After  both  polars  have  been  corrected  to  the  same  reference  conditions,  the  diffj 
ween  the  two  polars  represents  the  drag  increment  due  to  external  stores.  Result) 
rements  at  different  Mach  numbers  are  plotted  on  *he  right-hand  side  of  Fig.  19 
pared  with  predictions.  In  this  case  test  data  show  a  lower  drag  level  but  stee 
rise  conclusively  proven  by  acceleration  and  deceleration  maneuvers. 
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AbFTRAC?  * 

-  Th^  AFTT/F-1 6  Advanced  Development  Prograr.:^  a  joint  l-SAF / USX/US  Army/NAFA  effort  wit^  General 
Dynamics  (GD),  has-modif  ied  an  F-16A  to  be  a  testbed  for  evaluating  r.ew  flight  control  related  technologies . 
The  program  i. as  presently  completed  its  first  phase  of  flight  testing. NASA  Drvden  Flight  Research 
Facility,  Edvards  AFB,  CA.  ^ome  of  the  unique  technologies  being  developed  -on  this  program-are:  a 
triplex  digital  fly-by-wire  flight  control  system  which  operates  asynchronously,  an  analog  independent 
backup  unit  (IBU),  eight  separate  digital  task-tailored  control  laws,  and  six  decoupled  ( six . degrees-of- 
freedom}  controller  options.  Included  among  these  task-tailored  modes  are  norratl  operation  modes,  air- 
to-air  combat  mod**,  and  a ir-to-surf ace  combat  modes.  One  unique  aspect  of  tbit  program  was  -the  heavy 
involvement  of  the  AFTI/7-16  Joint  Test  Force  throughout  tne  entire  system  development  {--re-flight  test) 
phase -of  this  program.'  This  forced  early  design  consideration  to  be  given  to  pilot-ve,.icie  interface 
issues.  Through, E»a  use  of  •  t he- <3t£? Simulator ,  the  test  pilot  became  an  integral  part  of  the  flight  control 
law  design.  The  AFTI/F-16  can  be  landed  in  possibly  nine  different  sets  of  cortrol  lavs  including  its 
normal  digital  mode,  seven  different  sensor  reconfiguration  digital  modes,  and  ths.  analog  IBU.  Much 
concern  surfaced  prior  to  first  flight  as  to  how  landable  these  different  modes  were;  this  resulted  in  ail 
the  landing  modes  being  extensively  tested  on  the  GD  Simulator,  the  Flight  Dynamics .Lab  LAMARS,  and  the 
NT-33  Inflight  Simulator.  -I©  date,- two  pf  these  modes,  the  normal  mode  and  the  IBU,  have  been  flight 
tested  on  the  AFTI/F-16  itself,  andt  the  flight  test  results  were  different  from  any  of  the  simulators' 
predicted  results.  This  has  raised  several  issues  on  the  use  of  simulators  to  accurately  represent  today's 
highly  augmented  fighter  a ircraf t .This  paper  will  discuss  several  flight  test  issues,  how  they  were 
resolved,  and  their  effect  especially  on  the  aircraft  handling  qualities.  Specific  topics  which  will  be 
discussed  are:  rhe  IBU,  the  effect  of  the  asynchronous  computer  operation  and  system  redundancy  manage¬ 
ment  has  on  the  flight  control  'laws  and  flight  testing,  and  some  handling  qualities  problems  with 
combination  coupled/decoupled  control  laws. 

INTRODUCTION 

The  AFTI/F-16  Advanced  Development  Program  is  primarily  oriented  to  the  development,  integration,  and 
evaluation  of  new  flight  control  technologies.  The  testbed  used’ in  this  program  is  an  FSD  F-16A  (Figure  1) 
In  this  aircraft  the  quad  redundant  analog  flight  control  computer  system  was  replaced  with  a  triply 
redundant  digital  flight  control  computer  system  using  three  BDX-930  digital  processors  and  a  triply 
redundant  analog  independent  backup  unit.  New  control  surfaces  were  attached  to  the  aircraft  and  usage 
of  existing  control  surfaces,  was  changed  to  provide  more  capability  and  flexibility  in  the  flight  control 
law  design  and  to  allow  limited  six  degree-of-f reedom  decoupled  motion  capability.  The  surfaces  added  to 
the  a ircraf t ‘were  two  vertical  chin  canards,  which  were  attached  below  the  engine  inlet,  to  provide 
enhanced  directional  force  and  moment  control  and  to  provide  drag  modulation  capability.  The  surface  whose 
usage  was  changed  was  trailing  edge  flaps.  In  the  F-16  these  two  surfaces  are  only  used  for  roll  control 
aqd  as  normal  flaps  in  landing.  In  the  AFTI/F-16,  they  are  used  additionally  in  maneuvering  flight  to 
enhance  the  onset  and  control  of  normal  acceleration  and  to  provide  longitudinal  decoupled  flight  control. 
This  paper  directs  Its  attention  to  three  major  design  Issues  which  had  an  impact  on  the  first  phase,  ol  the 
program.  These  issues  which  will  oe  discussed  in  the  next  three  sections  of  this  paper  are  a  direct  result 
of  these  s>  stem  modifications.  This  paper  addresses  each  issue,  the  tradeoffs,  the  results,  a*nd  its  impact 
in  flight  testing. 


Figure  1  The  AFTT/F-1 6 


2.  Reliability:  DFCS  failure  rate  resulting  in  loss  of  control  of  the  aircraft  will,  be  less  than  1 
failure  in  every  IQ7  flight  hours. 

3.  Fail-Operation:  the  DFCS  shall  be  fullv  operational  'Operational  State  I  as  defined  Liz 
MIL-F-9490D)  after  any  first  failure.  After  ‘any  second  like  failure,  the  control  system  will  provide  at 
least  safe  flight  (Operational  State  III,  MIL--F-9490D)  with  a  probability  of  0.95  being  fully  operational. 

These  requirements  were  to  be  met  without  reliance  on  an  IBU.  The  primary  reason  for  an  TBIT  was  to  have  a 
backup  system  which  was  independent  of  all  the  digital  flight  control  software.  This  IBU  was  to  be  designed 
to  allow  for  its  removal  after  sufficient  confidence  was  developed  in  the  primary  digital  system.  Also 
required  was  that  the  primary  system  and  the  IBU  be  designed  so  that  the  performance  of  the  primary  digital 
flight  contiol  system  wi,ulo  not  be  affect  e*  hy  the  removal  of  the  IBU.  The  IBU  alone  would  provide  at  least 
Level  3  flying  qualities,  a  ?  defined  in  MIL-F-8735B,  throughout  the  flight  envelope  and  at  least.  Level  2 
flying  qualities  in  the  landing  piiase. 

Several  pro/cons  exist  tor  leaving  an  analog  independent  backup  for  a  digital  flight  control  system. 

The  basic  reason  for  an  IBU  is  to  protect  against  unknown  -  unknowns  in  the  digital  software,  espet  illy 
generic  software  design  errors.  Due  to  an  IBU  being  dissimilar  redundancy,  it  also  provides  some 
protection  against  flight  control  EMI  upsets.  The  presence  of  an  IBU  gives  a  definite  increase  in  pilot 
and  user  -  command  confidence  in  flight  testing  a  new  digital  flight  control  system.  An  IBU  also 
increases  the  system  loss-of-control  reliability  because  it  can  survive  some  hardware  failures.  , 

Although  the  presence  of  an  IBU  'bias  a  lot  of  advantages,  several  disadvantages  also  exist.  With  an 
IBU,  there  will  be  increased  system  complexity  which  will  result  in  increased  cost.  It  will  also  be  a 
source  of  additional  flight  control  system  failure  points.  The  existance  of  an  IBU  can  become  a 
design  "crutch"  and  be  ovtrrelied  upon.  An  IBU  can  pose  problems  when  there  are  no  problems  in  the 
digital  system:  a  nuisance  automatic  engagement  and  inadvertent  or  deliberate  pilot  engagements.  The 
IBU  may  also  require  additional  flight  testing  to  clear  its  flight  envelope.  It  might  also  mean 
additional  pilot  training  to  be  proficient  in  the  mode  (assuming  it  is  manually  switchable  from  tfvi 
cockpit) . 


To  meet  design  requirements,  the  AFTI/F-16  program  utilized  a  triplex  analog  IBU  design.  Sirce-  the 
digital  flight  control  system  is  triplex,  an  analog  card  ntaining  an  IBU  was  located  in  each  digital  box. 
The  IBU  can  be  engaged  through  two  methods.  First  a  switch  on  the  side-stick  allowing  tne  pili-t  to 
manually  either  engage  or  disengage  the  IBU.  This  gives  the  pilot  the  final  authority  to  judge  the  health 
of  the  digital  system.  The  second  method  of  IBU  engagement  is  by  the  digital  system  Itself  when  it  can  no 
longer  identify  the  last  remaining  good  digital  processor.  In  this  case  the  IBU  will  automatically  be 
engaged. 


Early  in  the  overall  system  design  it  was  seen  as  beneficial  to  use  the  IBU  when  the  redundancy 
management  is  unable  to  a  high  probability  identify  the  last  good  remaining  processor.  The  following 
scenario  illustrates  how  the  IBU  can  be  usea  to  improve  the  overall  system  safety.  When  no  failure  exists,* 
the  digital  system  uses  the  output  of  processor  B  to  control  the  aircraft.  (Processors  A.,  B,  and  C  are  all 
compared  to  ensure  B  is  good).  If  one  processor  has  failed,  the  remaining  two  good  processors  will  identify 
the  sick  processor  and  vote  it  off.  The  system  will  then  use  only  the  two  good  regaining  processors.  If 
a  raiscompare  then  occurs  between  the  two  remaining  processors,  tney  both  go  into  self  test  with  the 
anticipation  that  one  will  self  test  "GOOD"  and  the  other  "BAD".  If  happens  the  aircraft  flys  home  on 

the  last  good  remaining- processor  (Figure  2).  If  both  should  test  "GOOD",  either  processor  could  be  chosen 
and  safe  operation  should  be  assured.  If  both  test  "SAD"  several  options  exist:  one  computer  could  be 
arbitrarily  chosen  (coin  flip)  to  fly  on,  or  the  computer  with  the  smallest  output  could  be  chosen  (a  small 
output  is  better  than  a  hard  over  output).  In  any  case,  under  these  circumstances  there  is  no  guarantee  of 


3n  the  AFTI/F-16  instead  of  arbitrarily  choosing  the 
•  natically  revert  to  IBU  (Figure  3)*.  Without  an  TBU, 
noose  one  of  the  last  two  processors  to  fly  on. 


correctly  choosing  the  last  good  remaining  processor., 
last  processor  in  this  scenario,  the  system  will  auto 
the  redundancy  management  system  would  Be  forced  to  c 
Some  small  risk  exists  that  the  incorrect  processor  wbuld  b«i  chosen.  The  level  of  this  risk  Is  unknown 
since  there  are  no  known  failures  which  would  cause  both  processors  to  self  test  "BAD".  This  is  clearly 
a  case  where  the  IBU  is  protecting  against  unknown  - 
concept  being  developed  and  flight  tested  (digital. 


pr.ident  to  utilize  the  IBU.  It  should  be  noted 
once  every  10?  flight  hours)  is  still  met  even 


jnknowns.  Because  this  was  a  nev  flight  control 
riplex,  asynchronous  design),  it  was  felt  to  be  more 
that  the  reliability  rate  for  ioss-of -control  (less  than 
the  IBU  Is  not  in  use  in  the  above  scenario.  ' 


From  a  control  law  standpoint,  it  was  d eci  vd  to 
analog  real  estate  small  and  keep  the  IBU  as  independ 
criteria,  che  IBU  design  resulted  in  a  system  with  t\ 
feedback  path:  pitch  rate  feedback  which  was*  the  mir 
the  roll  and  yaw  axis  no  feedback  was  used  even  thoug 
The  design  resulted  in  a  single  gaip  system  which  hac 
and  still  flyable  from  Mach  1.6  through  touchdown  sp 
or  this  gain  was  the  low  altitude/supersonic  region 
caused  che  pitch  damping  at  power  approach  airspeed 

Prior  to  first  flight  of  the  AFTI/F-16  the  IBU 
(PA)  configuration  on  the  NT-33A  Inflight  Simulator. 


flying  qualities  ratings  with  Cooper-Harper  ratings  of  8  to  9.5  in  pitch  and  4  to  5  in  roll.-  The  level  3 
ratings  were  due  to  heavy,  sluggish  pitch  response,  u  PIO  tendency  in  high  gain  tasks,  acd  heavy  and 
extreme  gust  sens  it  iv.it  y  .  in  roll.  At  this  point  is  was  obvious  a  single  gain  IBU  was  not  going  1 6  be 
sufficient  to. safely  fly  the  aircraft  throughout  the  entire  flight  envelope  and  still  safely  land  it. 


make  the  IBU  as  simple  as  possible  to  keep  the 
ent  from  hardware  failures  as  possible.  Under  this 
ree  input  paths  (pitch,  roll,  yaw)  and  a  single 
imum  necessary  to  maintain  aircraft  stability.  In 
h  the  dutch  roll  characteristics  were  rather  poor, 
to  have  sufficient  stability  margins  to  be  stable 
4ed  .  The  critical  r, eg  ion  in  determining  the  value 
This  resulted  in  forcing  the  gain  to  be  low  which 
be  low. 

named  Original  IBU)  was  evaluated  in  a  power  approach 
While  performing  a  PA  task  this  IBU  was  given  Level  3 


series  of  NT- 33 A  tests  ;.nd  both  found  to  have  good  level  2  handling  qualities. 

AUTOMATIC  IBU  ENGAGEMENT  SCENARIO 


THREE  HEALTHY  TWO  HEALTHY  SELF 

PROCESSORS  PROCESSORS  TEST 


Figure  2  failure  Scenario 


Figure  4  IBU  Development  History 

As  first  flight  date  of  the  AFTl/F-16  approached,  a  major  issue  began  to  surface  with  respect  to  the 
intentional  inflight  usage  of  the  IBU.  Should  the  IBU  be  intentionally  engaged  inflight,  how  often,  and  in- 
what  flight  conditions?  The  flight  test  community  was  definitely  In  favor  of  testing  the  IBU  inflight  and 
desired  it  very  early  in  Che  program  (second  or  third  flight).  The  advantages  of  doing  this  would  be  to 
gain  confidence  in  the  IBU  under  controlled  rather  than  last  chance  emergency  conditions.  Under  thie 
scenario,  the  IBU  would  be  tested  under  benign  flight  conditions  and  there  would  be  a  healthy  digital  flight 
control  system  to  immediately  revert  back  to  if  the  IBU  flying  qualities  showed  to  be  unsatisfactory.  Since 
the  NT-33A  evaluated  the  flying  qualities  to  be  very  close  to  Level  1,  this  did  not  seem  to  be  too  likely. 
From  a  redundancy/reliability  standpoint  the  IBU  is  monitored  for  failure  at  all  times,  even  while  rlying 
in  a  digital  flight  control  mode.  The  IBU  on  the  AFTI/F-16,  being  a  triplex  system,  is  fail -operative  after 
first  failure  but  has  no  protection  against  a  second  failure..  The  IBU  hardware  lias  a  predicted  mission 
reliability  of  less  than  7X  10_f>failure  per  flight  hour. 


Historical  data  has  not  shown  a  very  good  track  record  con  .e-niog  inflight  engagements  of  flight  control 
system  backups.  Aircraft  such  as  the  R-  +  7,  B-66,  Tornado,  ar.d  Concorde  have  mechanical  backup  systems  for 
their  primary  flight  control  systems,  in  the  B-47  and  3-66  these  mechanical  systems  were  n*a;intenance 
nightmares  and  were  many  times  not  well  maintained.1  In  the  B-66,  twice  pilots  switched  to  the  mechanical 
system  and  found  it  inopL-at ive.  Neither  pilot  was  able  to  switch  back,  to  the  hydraulic  (primary)  system 
which  resulted  in  loss  of  both  aircraft. 

Those  in  favor  of  engagement  of  the  TBU  inflight-  won  and  the  TBIT  was  first  engaged,  during  th*  third 
flight  of  the  aircraft.  All  the  pilots  commented  that  tv  'iU  had  degraded  flying  qualities  as  compared 
to  the  Standard  Normal  Mode  hut  that  the  flying  quail  iei  were  sufficient  as  a  backup  mode.  Pitch  axis 
was  very  stable  but  possessed  moderate  to  heavy  stie‘-  'orces.  It  had  a  llgutly  damped  dutch  roll  which 
was  excited  by  roll  or  yaw  inputs.  The  TBU  date  .w.,  been  flown  out  to  Mach  1.2.  At  that  speed  the 
pilot  got  into  a  lateral  PIO  once  when  he  excited  the  dutch  roll  with  a  maximum  rudder  input. 

The  IBU  i  -ow  routinely  engaged  during  the  course  of  flight  testing.  As  the  flight  envelope  is 
expanded,  the  is  now  one  of  the  first  modes  to  be  evaluated  at  each  new  flight  condition.  The  philo¬ 
sophy  is  that  the  IBU  will  be  tested  for  safe  operations  to  give  confidence  in  case  of  non—resettable 
automatic  IEU  engagement. 

ISSUE:  CONTROL  LAW  AND  REDUNDANCY  MANAGEMENT  CO-EXISTING  IN  A  DIGITAL  ENVIRONMENT 

A  major  objective  of  the  AFTI/^-I6  program  was  to  develop  and  evaluate  new  concepts  in  flight  control 
design.  One  of  the  major  concepts  being, developed  was  that  of  multimode  design  containing  task-tailored 
control  laws.,  This  implies  a  separate  flight  control  mode  be  designed  for  each  type  of  combat  task  to  be 
(bombing,  air-to-air  gunnery,  etc.).  Also  required  with  this  control  law  structure  was  limited 
authority  six  degree-of -freedom  decoupled  set  of  flight  control  laws.  Additionally  required  was  separate 
recuuf igurat ion  modes  which  allow  for  continued  flight  after  the  loss  of  flight  control  sensors  (pitch  rate, 
roll  rate,  tec.).  In  other  words,  a  very  complex  set  of  control  laws  was  required  to  be  developed.  A 
second  major  concept  being  developed  was  a  triplex,  digital  flight  control  computer  system.  This  system 
was  required  to  utilize  software  to  the  greatest  extent  possible  to  perform  all  control  law  and  all 
redundancy  management  functions.  Early  in  this  program,  some  important  decisions  were  made  concerning  the 
approach  used  to  Implement  these  concepts.  At  the  time  these  decisions  were  made,  it  was  felt  their  effect 
would  not  impact  each  other.  As  the  design  prog-essed  from  development  to  mechanization  to  flight  testing, 
it  became  obvious  these  decisions  were  greatly  intertwined  and  system  adjustments  were  necessary  to  allow 
for  harmonious  system  operation.  One  of  these  decisions  was  to  operate  the  digital  computers  asynchronously 
with  respect  to  time.  The  other  decision  was  to  design  the  control  laws  utilizing  Linear  Quadratic 
Synthesis  (LQS.)  . 

Asynchronous  digital  computer  operation  implies  that  the  individual  clocks  in  each  processor  will 
operate  independent  of  each  other  thus  implying  the  time  skew  between  each  processor  will  not  be  controlled 
(Figure  5).  Therefore  each  processor  will  receive  its  Input  data  at  different  times  and  will  complete  the 
output  surface  computations  at  different  times.  Prior  to  making  the  decision  to  go  asynchronous,  a  trade 
study  was  performed.  Some  of  the  main  conclusions  ,of  this  study  were: 

Synchronous  Operation 

Advantages: 

1.  Simpler  Operational  Flight  Program  (OFP)  verification  and  testing. 

2.  Cross-channel  monitor  trip  ldvel  at  output  selector/monitor  plane  can  be  set  to  a  near  zero  value 

(a  cross-channel  difference  can  be  used  as- a  failure  indication).  ' 

Disadvantages: 

1.  Sync  function  must  be  carefully  designed  so  as  hot  to  introduce  a  single  point  failure  possibility 
into  the'  system.  ‘ 

?.  Design  is  not  inherently  fault-tolerant.  Unless  special  care  is  taken,  a  transient  condition  in 
one  branch  will  in  general  result  in  a  branch  being  temporarily  disconnected. 

Asynchronous  Operation  1 

Advantages: 

1.  More  fault-tolerant  since  branches  are  not  expected  to  be  in  exact  agreement. 

2.  Insensitivity  to  short  term  electromagnetic  interference  effects  is  enhanced  since  data  which  is 
modified  or  in  error  is  likely  to  be  sensed  in  diverse  portions  of  the  redundancy  management  function. 

Disadvantages:' 

1.  Increased  data  acquisition  speed  requirement  to  prevent  dynamic  responses  from  being  identified 
as  faults  at  the  output  selector/monitor  plane. 
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Figure  5  Time  Skew 

An  equally  risky  approach  was  taken  in  using  the  LQS  approach  to  the  controj.  law  design.  The  control 
laws  were  developed  for  many  point  conditions  in  a  batch  computer  mode  utilizing  a  digital  computer  program 
called  DIGICOM.  The  goal  in  the  control  law  design  was  to  have  a  very  quick  responding  system,  both  in 
pitch  rate  and  onset  of  normal  acceleration,  and  this  system  would  provide  gu3t  alleviation  and  be  relativel” 
invariant  to  uncertainties  in  the  airframe  aerodynamic  derivatives.  To  meet  these  design  goals,  a  multi¬ 
state  feedback  system  was  designed  which  had  very  high  gains  on  the  forward  path  signals,  especially  the 
error  signals  between  commanded  response  and  actual  aircraft  response.  The  result  of  these  high  gains  was  - 

a  system  that  has  very  large  amplitude  and  high  frequency  content  in  the  output  signal  to  the  control 
surface  actuators. 

Within  the  digital  flight  control  system,  two  major  tasks  are  being  performed  during  each  frame:  the 
flight  control  law  computations  and  the  redundancy  management  computations.  '  Initial  development  of  these 
two  systemq  (control  law  versus  redundancy  management)  was  done  separately;  it  was  not  until  later  in  the 
preflight  development  phase  of  the  program  that  the  two  systans  were  integrated  together . 

The  redundancy  management  system  is  an  Integral  part  of  any  multiple  computer  system.  The  purpose  of 
the  redundancy  management  system  is  to  ensure,  that  the  aircraft  is  always  being  flown  by  a  healthy 
processor  (s).  One  component  of  this  system  which  highly  interacts  with  the  control  iaws  is  the  output 
selector/conitor  (S/M).  The  function  of  the  output  S/M  is  to  compare  the  surface  commands  of  all  three 
processors  to  detect' computational  failures.  Each  processor  has  its  own  output  S/M  which  compares  all 
eight  of  its  surface  command  outputs  with  those  of  the  other  two  processors.  If  any  processor's  output 
(including  itself)  differs  by  more  than  a  given  percentage  from  the  other  processors,  that  computer  output 
from  that  processor  is  identified  as  having  possibly  failed.  If  this  condition  persists  for  seven 
computational  frames,  that  output  from  that  processor  is  voted  off-line.  This  given  percentage  is  called 
the  trip  level  and  its  purpose  Is  to  prevent  a  sick  output  of  any  processor  from  commanding  an  aircraft 
surface.  In  order  to  have  early  warning  of  a  possible  failure  and  prevent  any  aircraft  failure  transients, 
ideally  this  trip  level  would  be  set  near  zero  percent  difference.  But  this  is  impossible  because  of 
asynchronous  riature  of  the  system.  This  auynchronism  will  allow  each  processor  to  be  time  skewed  from  each 
other  processor  -  each  processor's  output  being  different  eve:'  for  a  perfectly  healthy  system  (Figure  6).1 

The  difficulty  arises  in  determining  an  acceptable  trip  level  which  allows  normal  operation  to  continue 
in  e  time  skewed  environment  and  still  identify  output  failures  at  a  safe  level.  For  a  healthy  system, 
three  factors  will' affect  the  inter-channel  difference  between  the  outputs  from  the  three  processors:  the 
time  skew  between  the  three  processors,  che  change  of  the  input  signals  (both  commands  and  sensor  inputs)  in 
that  time,  and  the  control  law  gains  and  structure  which  amplify  these  differences.  As  stated  above  the 
desired  size  of  this  trip  level  is  controlled  by  two  opposing  factors.  The  trip  level  must  be  large  enough  to 
allow  for  a  normal  interchannel  difference  due  to  the  three  factors  listed  above  so  it  will  not  erroneously 
declare  an  output  failure.  Opposing  this,  the  trip  level  must  be  small  enough  such  that  a  real  failure  can  be 
identified  befbre  it  can  produce  a  large  (unsafe)  aircraft  transient  when  switching  from  a  sick  output  to  a. 
healthy  output.  Although  this  non-zero  trip  level  allows  the  system  to  be  fault  tolerant  (it  could  possibly 
allow  a  small  short  term  transient  to  pass  through  system  without  declaring  r  failure),  a  deficiency  of  this 
asynchronous  system  is  its  inability  to  always  distinguish  the  difference  between  a  time  skewed  output  mis- 
compare  and  an  actual  failed  output  at  a  low  threshold  level. 

When  the  total  system  was  integrated  initially  the  inability  of  the  redundancy  management  system  and 
the  control  laws  to  work  in  perfect  harmony  became  obvious.  Originally  the  output  trip  level  waS  set  at  a 
constant  value  of  15Z  of  full  scale  deflection  of  each  given  surface.  .When  the  total  system  was  first 
tested  on  the  simulator,  it  was  found  that  largt  Inputs,  especially  at  moderate  to  high  frequency,  were 
exceeding  this  15Z  trip  level  in  the  output  S/M.  At  this  point  comparisons  were  made  between  the  AFTI/F-16  • 
control  laws  and  those  in  the  F-16.  It-  was  found  in  some  cases  that  the  gains  in  the  AFTI/F-16  control  laws 
were  sometimes  many  times  larger  than  equivalent  gains  in  the  F-16.  Some  suggested  the  AFTI/F-16  gains  were 
unrealistically  high.  In  any  caBe  these  high  gains  generated  by  the  LQS  approach  proved  to  be  a  real 
deficiency  of  that  type  of  control  law  design. 
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Figure  6  System  Interaction 

The  LQS  design  methodology  used  on  the  AFTI/F-16  varied  the  gains  in  the  forward  path  and  feedback  paths 
to  satisfy  a  cost  function  and  performance  criteria.  Unfortunately  the  method  did  not  give  the  designer  a 
sensitivity  analysis  of  che  effect  of.  the  gain  on  system  performance.  The  end  effect  we-„  the  final  design 
resulted  in  some  v.ery  large  gains  which  could  have  been  reduced  at  a  very  small  loss  o.  performance.  These  ■ 
large  gains  caused  a  lot  of  prqblems  when  Integrated  with  entire  system.  They  would  produce  a  large  amount 
of  control  surface  activity  which  reant  hinge  moment  limits  were  a  bigger  problem,  more  surface  rate  limiting, 
and  large  demands  oh  the  hydraulic  system.  The  end  result  with  respect  to  the  redundancy  management  was  that 
for  maximum  processor'  skews,  a  vary  s.nall  difference  in  input  signal  magnitude  could  result  In  very  large 
differences  at  the  output  plane  for  non-falled  conditions.  Ultimately  the  gains  had  to  be  reduced  to  be 
more  realistic  and  to  coexist  with  the  redundancy  management.  The  lowering  of  the  gains  was  not  done  with¬ 
out  some  penality;  in  some  c-ses  it  resulted  In  reduced  robustness  of  the  aircraft  response  and  possible 
degradation  of  aircraft  handl  ng  qualities.,  The  primary  area  this  gain  reduction  occurred  was  the  forward 
path  to  the  elevator  In  all  the  flight  control  modes  and  the  forward  path  to  the  trailing  edge  flaps  in  the 
decoupled  control  modes.  The  region  of  the  flight  envelope  most  affected  by  the  gain  reduction  was  the  high 
altitude,  low  dynamic  pressure  areas.  In  this  region,  the  sluggish  performance  of  the  basic  airframe  is 
masked  by  the  very  high  gain  control  laws' to  achieve  good  tracking  performance  and  improved  handling 
qualities;  therefore,  the  gain  reduction  had  its  greatest  effect  there.  In  general  though,  gains  were 
reduced  throughout  the  flight  envelope.  The  effect  of  reducing  the  gains  in  the  forward  path  to  the 
elevator  was  a  reduction  of  system  bandwidth  in  the  pitch  response.  The  effect  of  reducing  the  gains  In 
the  forward  path  to  the  elevator  was  a  reduction  of  system  bandwidth  in  the  pitch  response.  The  effect  of 
reducing  the  gains  in  the  forward  path  to  the  trailing  edge  flaps  was  an  Increase  In  the  Impurity  present 
in  the  decoupled  control  options.  The  end  result  was  the  control  laws  had  to  be  changed  from  their 
optimal  design  to  live  In  harmony  with  the  redundancy  management  systet.. 

The  redundancy  management  system  was  also  changed  to  be  more  compatible  with  the  control  laws.  The 
constant  15%  trip  level  was  changed  tt>  be  a  variable  trip  level  based  on  the  rate  of  change  oi  a  specific 

output  in  its  own  processor.  In  most  cases  the  trip  level  is  15%  but  it  can  reach  as  high  as  30%.  This 

change  still  provides  the  same  level  of  protection  against  a  real  failure.  If  one  processor  hos  a  failure 
forcing  one  of  its  outputs  to  Increase  at  a  high  rate  (thus  increasing  its  trip  level  to  30%)  the  other  two 
processors  may  still  be  using  15%  for  that  output,  thus  voting  it  as  failed  as  early  as  if  all  three 
processors  were  using  15%.  Other  changes  also  made  to  the  redundancy  management  system  because  of  the  high 
gain  control  laws  wer?  to'  Increase  the  rate  at  which  some  Inputs  are  sampled  and  to  increase  the  update  rate 

of  gain  tables.  These  changes  were  necessary  to  prevent  large,  rapid  spikes  to  propagate  to  the  output  S/M 

plane.  Therefore,  the  end  result  was  the  redundancy  management  system  also  had  to  fee  modified  to  live  in 
harmony  with  the  control  laws.  This  system  adjustment,  to  make. the  control  laws  and  redundancy  management 
systeA  work  In  harmony,  was  primarily  performed  on  the  simulator.  During  the  flight  testing  phase 
(a  total  of  118  flights,  177  flight  houts)  only  one  Inflight  flight  control  system  fault  indication  occurred 
which  resulted  In  a  control  law  gain  adjustment. 

As  a  result  of  the  flight  test  program,  several  conclusions  can  be  made  concerning  the  operation  of 
high  gain  control  laws  in  an  asynchronous  computer  environment.  First  (and  rtost  important),  these  two 
systems  can  be  made  to  work  together  successfully.  During  the  last  two  weeks  of  flight  testing,  the 
pilot  was  permitted  to  aggressively  fly  air-to-air  and  air-to-ground  combat  scenarios  and  the  system  . 
performed  flawlessly  with  zero  flight  con.— ol  prrblems.  The  second  conclusion  is  that  there  is  an  inter¬ 
dependency  between  the  control  laws  and  tne  redundancy  management  In  an  asynchronous  computer  system,  and 
the  two  parts  cannot  be  developed  independent  of  one  another.  The  smaller  the  control  laws  gains  are  or 
the  faster  the  computer  frame  rate  Is,  the  less  this  will  be  a  problem.  On  the  AFTI/F-16,  the  computer 
processors  have  a  frame  length  of  approximately  16  milliseconds  which  allows  the  worst  case  skewing 


With  'the**  gain  restrictions,  the  control  laws  on  the  AF7Z?F-16  were  still  s»:ff ioier.t Iv  robust  that  they 
received  Level  1  d^orer -Harper  Hans!...;  Qualities  Racings  in  all  the  cor. ha t  jac:es.  These  control  laws 
were  a^so  determined  tc  have  improved  :v*nd!  ing  qualities  over  the  basic  F-l  h  In  ill  combat  nodes  and  in 
power  approach  and  landing.  Third,  this  asynchronous  design  proved  to  be  very  fault  tolerant.  IX:ring 
the  flight  testing  phase,  forty-one  inflight  flight  control  systas  fault  ir.di.cat iers  occurred.  The  effect 
of  these  fault,  indications  ranged  from  no  loss  of  the  system  redundancy  up  to  the  loss  of  two  channels  of 
redur.eancy  (i.e.,  flying  on  only  one  processor)  .  In  almost  all  these  cases  rhr  system  was  resettable  to  a 
zero  fault  condition.  Ir.  no  case  ’was  there  a  degradation  or  change  in  the  air-raft  I-andling  qualities 
due  to  a  fault  indication. 

ISSUE:  DECOUPLED  CfNTROL  LAWS 

The  AFT7/F-I6  digital  flight  control  system  contains  eight  prirxary  task- tailored  control  law  mode3 
(Figure  7).  JWhese  modes  are  full  authority  and  are  opt  its  1,  zed  for  specific  tasks  such  as  air-to-air  gunnery 
and  a ir-ro-surf ac e  bombing.  For  vernier,  fine  tracking  ad justs*  enter,  six  decoupled  centre!  options  were 
developed.  T>>?se  options  include:  In  the  longitudinal  axis  -  pitch  pointing,  direct  lift,  ^nd  vertical 
translation  (Figure  ?):  in  the  lateral  -  directional  axis  -  yaw  pointing,  direct  side  force  (also  named 
wings  level  turn  or  flat  turn),  end  lateral  translation  (Figure  9).  (See  Reference  1  for  a  description  of 
these  modes).  These  decoupled  control  options  are  superimposed  on  the  primarv  control  laws  as  a  secondary 
means  of  precisely  cracking  a  target  in  the  final  stages  of  a  tracking  solution. 
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Figure  7  AFTI/F-16  Flight  Control  Modes 
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control  computer  which  was  not  an  integral  part  m  i  ~e  r>r:san  ar.au.og  qu-*«x  •,  uuj 

system.  This  was  to  allow  the  aircraft  r.p  ikwavs,  p^tantlv  revert  hack  to  Its  pr  . t;V*  c.tr.ipled  ^c-ntrol 
laws  .if  the  aircraft  got  into  a  pro  hi  an  area  luring  the  iecoupled  operation.  Since  t  *■'.«?  :;as#!>  ine  )F-ib 
feedback  regained  intact  within  the  primary  cc  r.uter,  spe*  If  tc  f  eedbacks  not  -ie/stred  for  .fecocpled  operation 
were  cancelled  bv  predicted  open  loop  resron  signals  rr->a  the  auxiliary  coapvterr.  "ait  scheduling  as  a 
function  of  air  data  paraaeters  provided  operation  _?f  the  decoupled  options  over  a  vl-i*  ra-ige  if  flight 
■' one  it  lens. 

In  the  AFTI/F-16  flight  control  system,  the  entire  control  law  architecture  w»«  rece*  fared  from  the 
exist  ing:  1 6  control  laws.  There  was  no  recu  1  rer-en:  (nor  need)  to  ju^v-nig  the  viecoYxri  of  control  svstew  to 
an  existing  full  authority  control  system  as  was  done  in  the  Fighter  CCS  psrogr aca,  Therefc-rs*  two  methods 
existed  for  integrating  the  limited  authority  decoupled  control  laws  wiTh  the  full  .rat  Ivrit  v  system.  7h- 
f  i^st  method  was  the.  open  loop  approach  similar  to  t  hr  Fighter  CCV;  the  second  method  was  the  closed  loop 

approach  integrating  the  decoupled  control  laws  with  the  entire  control  law  structure  and  utilizing  the 

multiple  sensor  feedbacks  that  were  available.  being  m  advanced  development  program  evaluating  new  aspects 
of  integrated  flight  control  tec hnologv,  the  latter  approach  was  chosen. 

.  In  the  AFTI/F-lo  program,  the  first  mafor  decision  to  be  made  with  respect  t\o  dec.jc.pied  control  was 

what  type  of  controllers  would  be  used  to  input  decoupled  commands.  (>*.  the  Fighter  CTV.,  a  miniature  two- 

axis  forct  controller  was  installed  on  top  of  the  •  *.  h  side  stick  controller  for  c\rmcs&* rad  trig  the  decoupled 
modes.  As  a  pilot  option,  the  rudder  pedals  could  be  used  to  input  lateral  -d  tree  t  tonal  modes.  The  pilots 
found  that  this  two-axi’s  controller  produced  a  lot  »f  crosstalk  with  the  coupled  controller  anytime  a  de¬ 
coupled  input  was  made.  In  other  words,  it  was  difficult  to  make  a  decoupled  input  crithoue  unintentionally 
deflecting  the  coupled  (prixaarv)  side  stick  controller.  ‘The  AFTI/F-ln  chose  to  use  separate  controller* 

(not  co-located)  to  command  decoupled  inputs.  This  was  to  prevent  cross-talk  or  irtre^ fererre e  between- 
controllers.  Only  two  controllers  were  necessarv  to  make  all  decoupled  inputs.  The  pilot  controller*  chosen 
for  1  at  oral  — d  Irrct  Jonal  Inputs  was  the  rudder  pedals.  Flight  testing  showed  the  rudder,  pedals  to  be  very 
natural  for  this  task.  For  the  longitudinal  Inputs,  the  throttle  grip  was  mod  if  led  to  have  a  dual  function 
as  a  throttle  and  as  a  decoupled  motion  controller  As  a  controller  the  throttle  i*  twisted  aft  to  eonwand 
up  motion  and  twi-fed  forward  to  cnasnand  down  action  (Figure  10).  Flight  resting  shewed  the  twist  throttle 
to  have  several  problems.  The  pilot  tended  to  put  inadvei  rant  twist  throttle  inputs  ira  during  high  gain 
tracking  tasks  and  high  C-loadtng.  If  the  twist  throttle  was  held  slightly  out  of  detent,  the  trailing 
edge  flaps  would  Integrate  to  their  limits,  hence  greatly  Increasing  drag.  Somec  iaes:  rhe  pilot's  first 
ind icat ion. of  an  inadvertent  Input  was  the  slowing  of. the  aircraft  or  the  onset  of  wing,  buffet.  The  second 
problem  Is  the  twl&t  grip's  harmony  with  the  side  stick  controller.  The  pilots  found  it  difficult  to  use 
the  twist  throttle  and  the  pitch  stick  %  intis  tan  ecus ;  v  to  control  the  pitch  axis.  Tor  use  the  throttle,  the 
pilot  generally  had  to  freeze  t  -  c  pitch  stick  which  tended  to  Increase  pilots  overall  workload. 


•trw{WNMM«l 


rigure  in  Throttle  Twist  Crip 

The  utility  of  the  decoupled  rontrol  options  Is  very-’  dependent  on  their  being,  linear,  predict¬ 

able,  free  of  large  Impurities,  relatively  quick,  and  of  sufficient  magnitude  to  be  useful.  It  Is  not 
'necessary  for  these  control  laws  to  se  able  to  perform  gross  acquisition  taak**  but  they  must  be  very 
effective  at  vernier  tracking  tasks  to  Ke  'useful'.  Results  f  r<»m  the  Fighter  CCV  prog  raw  showed  the  highest 
payoff  for  p  hese  modes  to  be:  pitch  and  vaw  pointing  for  gunnery  tasks;  direct  stile  force  for  air-to-air 
tracking,  strafing  and  bombing;  I  tree?  lift  for  defensive  maneuver log  to  confuse  an  attacker;  and  lateral 
translation  for  strafing  or  landing  In  a  iro»«wlml.  Vertical  translation  showed  very  little  utility  lor 
task. 

Rel  jw  la  a  summary  of  results  from  flight  testing  the  decoupled  contra*  opt  lor  rf  on  the  AFTI/F-lh. 

This  summary  Include*  what  each  oi»t  roller  <t*«manded,  authority  levels  used  by  the  pilot*,  anu  the  option's 
primary  utility. 

•  For  flat  turn,  the-  rudder  pedal  «  c  nssnds  a.;  arc  el  era!  Ion..  The  average  max  I  mum  authority  used  by  .he 
{>|!«>ts  was  fl.  *>  t.*s  (F.lgure  11).  of ,  t  he  s  *.  k  ><!»•*  evaluated,  t  h  f  m  mode  was  found  fu  be  the  most  useful  for 
reducing  the  time  to  a  firing  solution  on  a  combat  larget.  Fiat-  turn  warn  (teal  In  alr-to-surf ace 


ing  errors  the  lateral  accelerations  produced  by  the  flat  turn  f0,7  to  L.C-  7  *  s  side  force?  was  object  ion- 
able  to  the  pilots.  F?r  these  large  errors,  the  pilots  found  ccrrrent ior-a  1  hanking  was  best  for  the 
acquisition  task  and  flat  turn  best  for  r-saaoving  the  final  tracking  error ^ 

•  For  direct  1  if  t  *  the  twist  'hnctle  constands  an  aco.eie.rgt:  ten.  The  average’  3S2Tfi»ti!9  »-.ithcrity  used 
by  the  pilots  was  0. .  =~'s.  A-ithcugn  the  response  to  The  twist  throttle  inmxt  was  •'swootb,  linear  and 
?rec  ic  table  t  direct  lift  did  not  snev  great  utility  since  the  pitch  s-tick  ai*o  providers  precise  flight 
path  control  for  air-to-ground  tasks. 

•  For  pitch  and  ’--aw  pjinrir.g,  the  twist  throttle  and  rudder  pedal  cussfcatwi  an  angular  ratt.  The 
average  aaxiautt  authority  ased  for  pitch  pointing  was  1.3  degrees;  yaw  pointing  was  i.S  degrees..  The 
pointing  nodes  were  inula!  ;y  prograasaeti  to  he  used  in  air-rp  .»Ir  combat  ar.4  strafing.  But  after  some 
initial  flight  testing,  toe  o*'ots  discovered  they  preferred  con  tro-Tl  fng  flight  j«»th  f  f  1st  tam,  direct 
lift)  rather  than  weapon  iine  pointing  fer.-he  strafing  task.  Pitch  pointing  was  found  useful  in  track¬ 
ing  a  cooperative  air-to-air  t'arget  aircraft but  for  a  jinking  target,  pitch  pointing's  uelllty*  great  ly  ’ 
diminished  because  of  its  limited  authority  and  speed.  As  with  direct  lift,  the  pitch  stick  could  track 

as  well. as  pitch  pointing  therebv  further  diminishing  Its  need.  Yaw  point  tag’s  util  It  v  was  slightly  better, 
but  it  was  only  good  for  snail  lateral  corrections.  When  rnaxtains  pointing  angles  -were  cormande*! ,  roll 
coupling  was  sotnet  iaes  a  problea.  Ail  the  nllots  cosor.ent  ed  rhey  would'  have  preferred  coaonandlng  po  Inf  ing 
angle  rather  than  pointing  rate  for  both  pointing  modes. 

•  For  vertical  and  lateral  translation,  the  twist  throttle  and  rudder  pedal  commands  an  accel erat ten . 
In  close  fenaation  living  the  pilots  felt  these  modes  actually  increased  their  workload  over  conventional 
techniques.  This  was  posaibiy  due  to  these  modes  being  accelerat ion  command  systetsa  which  forced  the 
pilot  To  provide  lead  compensation  r.o  pre<  isely  position  the  aircraft.  All  the  pilots  stated  the  modes 
would  have  had  more  utility  If  they  were  velocity  cotoaand  systems. 
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Figure  11  Flat  Turn  Tin,  History 


Purity  of  the  decoupled  responses  became  sr.  Issue  as  the  mode  designs  began  to  filial  ire.  With  the 
open  loop  system  used  on  the  Fighter  CCV,  the  purity  level  was  a  function  of  how  accurately  the  designer 
could  predict  the  aerodvnantc  forces  produced  bv  each  control  surface.  In  the  closed  loop  svsteia,  the 
designer's  ability  to  feedback  the  correct  variables  will  provide  the  prliaary  Influence  on  mode  purity.. 

As  an  example,  in  the  direct  aide  force  mode  the  rudder  pedal  input  is  s  lateral  acceleration  command .  The 
lateral  acceleration  error  passes  a  proportional  plus  Integral  network  then  command*  a.  canard  surface 
deflection.  To  maintain  zero,  sldrsl  ip  angle,  sideslip  rate  feedback  is  passed  through  a  proportional  plus 
Integral  net  tk  then  commands  a  rudder  surface  deflection.  The  dlff'.ulty  occurs  In  the  ability  to  accurately 
measure  (or  simulate)  sideslip  rate.  The  ideal  way  to  -alrulate  sideslip  rate  would  he  to  use  sideslip 
angle.  Unf ort'-natelv,  no  location  on  ’he  aircraft  could  be  found  from  which  a  sideslip  angle  probe  worked 
accurately  at  all  flight  conditions.  Aa  a  result,  sideslip  rate  was  calculated  by  using  yaw  rata,  lateral 
acceleration,  and  a  Mil  roll  rate  component  to'  compensate  for  any  angle-of -attack.  Uithout  there  being 
aides!  ip  angle  feedback,  any  steady  state  sideslip  that  exists  at  the  beginning  of  *  direct  slife  force 
maneuver  will  never  be  washed  out  during  the  maneuver .  Also  for  very  alow  command  inputs,  the  yaw  rate 
can  be  so  low  that  the  yaw  rats  svnsor  Is  Ineffective  In  measuring  it,  thus,  sideslip  angular  error  will 
build  up. 


Flight  tasting,  though,  showed  that  the  will  purity  was  not  nearly  as  critical  as  originally  thought. 
There  appeared  to  be  a  purity  threshold  above  which  further  improvement  had  no  effect  on  pilot  acceptability 
or  task  pefforunce.  For  pitch  pointing  and  yaw  pointing  modes,  the  impurities  were' generally  proverse  In 
tha  for,  of  acceleration  in  the  direction  of  the  pointing  angle.  It  seemed  that  the  impurittea  could  ha  • 
fairly  large,  especially  air-to-air.  and  havs  no  effect  on  pilot  performance.  During  strafing,  though, 
the  down  acceleration  Impurity  associated  with  down  pltrh  pointing  was  rather  oh)  ert  lonabl  e.  For  vertical 
and  lateral  translation,  th»  impurities  were,  in  the  for,  of  aircraft  rotation  and  the  earnin'  of  acceptable 
Impurity  was  very  taek  dependent.  If  the  taak  waa  formation  flying  or  aerial  refualing.  a  little  Impurity 
c,n  make  the  pilot  very  nei-vous.  Any  other,  tasks  where  collision  avoidance  Is  not  an  Issue,  the  Impurities 
were  not  important.  Frowefae  rotational  Impurity  was  leas  disorienting  than  adverse.  For  direct  lift. 


the  vertical  tail.  Therefore,  flat  turn  purity  may  be  primarily  dictated  by  structure:  screagtn  rattier 
than  pilot  performance.  , 

These  were  just  a  few  of  the  problems  encountered  while  trying  to  integrate  de*vju:il*rd *  coup  led  flight 
control  laws  into  one  svstea.  This  program  has  demonstrated  that,  decoupled  control.  Ians,  especially  flat 
turn,  can.  be  used  to  improve  weapon  system  ef  f ect  iveness . 

onset  .ts  loss 

As  a  result  of  these  design  issuer,  several  conclusions  can  be  made: 

1.  An  ! BY  is  effective  in  improving  user  confidence  white  flight  testing  a  new  c-:ap£ex  digital  flight 
control  svste*.  An  .TBC  also  preside®  a  safeguard  against  generic  software  failures. 

2.  An  asynchronous  computer  ss*sten  works;  the  redundancy  .nanageoent  syste*  for  asynchronous  operation 
can  live  in  harmony  with  high  gait-  control  laws  but  their  designs  will  he  interdependent;  o?n  one  another. 

This  asynchronous  computer  system  ;i*-tested  on  the  AFT  I  /  F-l  6)  1  s  a  highly  fault  tolerant;  system, 

3.  Of  die  six  decoupled  control  law  options  lasted,  flat  turn  is  the  most  effective  in  reducing  tirae- 
. to- null  •■•apor.  line  tracking  error  relative  to  conventional  tracking  methods,  The  redder  pedals  are  ideal 
tor  toRtroll  in;  flat  turn  and  0.*  C's  is  Its  optimum  authority  Limit. 

EF I LOTTE 

The  AFTl/F-lb,  after  completion  of  all  system  mod  if K at  ions,  began  it9  flight  re9t  phase  in  July  1982. 
The  flight  testing  was  successfully  completed  in  July  19d>  at  which  time  Phase  I  of  the  program  (Digital 
Flight  Control  System  Phase)  was  concluded  and  aircraft  mod  if icat ions  for  Phase  II  of  the  program 
(Automated  Maneuver  i  tv?  Attack  System  Phase)  began.  In  this  second  phase  of  the  program,  the  aircraft  will 
be  tested  in  a  muc:t  harsher  environment  of  low  altitude,  automatic  weapon  delivery.  Tra  this  environment 
good  flight  control  system  reliability  and  high  pilot  confidence  In  the  system  is  essential  to  successfully 
achieve  program  goals.  The  ahil  itv  of  the  aircraft  to  maneuver  prec lsely tand  aggressively  and  to  accurately 
deliver  weapons  in  a  high-C  environment  is  also  an  important  factor  In  the  second  phase:  cf.  this  program. 

To  allow  the  AFTI/F-16  program  to  reach  Its  goal  th<se  issues  and  many  others  had  to  be?  (and  will  have  to  be) 
successfully  resolved. 
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Abstract 


The  requirements  to  the  "repair  quality  of  a  damaged  runway  Xiepend  highly  on^the 
design  capabilities  and  the  strength  of  an  aircraft  and  its  undercarriage,  and 
it  is  quite-*  obvious  that,  regardless  of  the  repair  technique,  low  repair  quality 
will  save  valuable  time  to  the  reopening  of  a  damaged  runway  for  use. 

This  makes  accurate  knowledge  of  the  behaviour  of  the  aircraft  on  non-flat  sur¬ 
faces  necessary  and  it  is  standard  practice  to  develop  a  computer  model  of  the 
aircraft  and  its  undercarriage  for  analytical  coverage  of  all  operational  cases. 
This  analytical  model  requires  comprehensive  verification  in  tests#  and  since  the 
development  of  a  service  clearance  by  test  alone-due  to  the  vast  number  of  possible 
initial  condition^  ii  impossible,  it  is  gather  this. veri f icat Ion ,  where  the  test 
work  ha#  to  concent  rate.  on.  '»  /  * 

The  tests  are  additionally  necessary  to  optimiie  pilot  techniques  for  the  use  of 
the  alrcrait  under  such  conditions  with  minimum  risk.  _ 


The  paper  describes  tests,  which  hav#  been  performed  with  a  combat  aircraft  on  a 
■  jnway,  where  mat  repair  has  been  simulated.  A  description  is  given  of  the  test 
setup,  and  the  reasons  for  the. selection  of  test  configurations  an  1  test  cases 
are  discussed.  Test  instrumentation,  data  acquisition  and  data  processing  are 
briefly  described  and  a  part  of  the  paper  is  devoted  to  the  test  techniques,  which 
have  been  usea  to  meet  predetermined  test  conditions. 

Examples  of  test  results  are  presented  and  compared  with  predictions,  it  discussion  ’ 
of  unpredicted  results  htghlltes  the  need  for  accurate  test  performance.  . 

The  paper  concludes  with  an  outlook  to  desirable  improvements  in  measuring 
techniques  and  pl’ot  supporting  test  equipment. 


*  A  >-  jr  '-J  L  CAtCJiaxvc  uumu  uawa^c  uaa  ww»  isx:  i.iuu  ac-ouuk.-  t  n-c  «.  n  t,'  a.  *. 

mque  to  such  expectable  damage  is  in  commons  deve lcpment  and  promising  results 
have  been  accomplished  recently  with  prefabricated  concrete  blocks  replacing  the 
ordinary  runway  after  cutout  of  the  damaged  surface  and  fill  in  of  the  craters. 

Standard  procedure  for  fast  repair  however  still  is  to  cover  the  graded  and  filled 
craters  witn  repair  mats.  Large  stocks  of  such  mats  are  available  on  riant  .it  the  SAD 
iirfieids.  The  resul'  of  all  such  repairs  will  always  be  a  field  with,  uneven  surface 
and  of  reduced  length. 

Much  effort  has  been  put  into  the  definition  of  design  criteria  for  undercarriages 
to  be  compatible  with  such  uneven  strips  m  addition  to  the  definition  of  the  serai- 
t-iepairsa  runway  type  of  nac:a  tn  4  303  . 

It  is  obvious,  that  regardless  of  runway  repair  technique,  low  repair  quality  will 
save  valuable  time  to  the  reopening  of  a  damaged  runway  for  use. 

The  accurate  knowledge  of  the  behaviour  of  the  aircraft  on  non  flat  surface  is  there¬ 
fore  the  prime  task  of  the  designer  and  it  is  standard  practice,  to  develop  a  com¬ 
puter  model  of  the  aircraft  an^i  its  undercarriage  for  analytical  coverage  of  all 
operational  cases.  This  analytical  model  requires  comprehensive  verification  in 
tests,  and  since  the  development  of  a  service  clearance  by  test  alone  due  to  the  vast 
number  of  possible  initial  conditions  is  impossible,  it  is  rather  this  verification, 
where  tne  test  work  has  to  concentrate  pn.  The  tests  are  additionally  necessary 
in  order  to  optimize  pilot  techniques  for  the  use  of  the  aircraft,  under  such  con¬ 
ditions  at  minimum  risk. 


FIG.  1  TORNADO  MULTI  ROLE  COMBAT  AIRCRAFT  IN 
MAX  DRY  T/R  DECELERATION  AFTER  LANDING 

2.  Planning  the  TORNADO  Repaired  Runway  Teat  Program 

In  the  development  of  the  TORNADO  (a  multi  role,  sweepable  wing  combat  aircraft  of 
the  ‘.3  tons  class,  with  two  engines  and  vith  integrated  thrust  reverser.  Fig.  1)  . 
semiprepared  runway  (NACA  TN  4103,  Fig.  2)  capability  in  a  limited  mass  envelope  was 
adopted  as  design  philosophy  of  the  undercarriage  in  addition  to  the  maximum  sinkrate 
criterion.  , 


FIG.  2  NACA  TN  4303  SEMIPREPARED  RUNWAY  PROFILE 


After  this  redefinition,  a  test  program  was  planned  which  aimed  equally  at  the  veri¬ 
fication  and  improvement- of  the  analytical  model  and  at  the  verification  of  pilots 
techniques  in  handling  the  aircraft  at  a  repaired  strip. 

This  test  program  wa;>.  divided  into  two  phases: 

ihase_2:  An  initial  program  with  tests  on  a  flat  surface,  on  which  ideal  repair 

with  one  or  two  AM2-mats  was  simulated.  In  this  program,  and  to  cover  the 
differences  between  AM2  and  Class  60  mats,  also  traversion  of  a  single 
half  sized  ftandard  Class  60  mat  was  included. 

In  this  first  block  of  tests,  no  test  points  were  included,  for  which 
according  to  analytical  predictions  (with  the.  initial  computer  model) 
loads  in  excess  of  30%  of  limit  would  have  to  be  expected. 


?“jse_2:  With  the  improvements  of  the  analytical  model  from  the  results  of  the 
first'  test  phase,  a  second  test  phase  was  planned  n  which  a  reduced 
however  analytically def ined  deqree  of  repair  gualitv  was  adopted  as  test 
basis  and  in  which,  contrary  to  Phase  I,  dynamic  preconditions  are  included. 

So  far,  only  the  tests  of  phase  1  have  been  completed. 


Although  the  verification  of  the  computer  model  does  not  necessarily  require  the  in¬ 
clusion  of  all  operational  cases  in  the  test  program,  this  inclusion  helps  to  verify 
the  separate  influental  parameters  and  is  in  any  case  required  to  cover  all  conditions 
for  the  verification  of  pilots  handling  techniques. 

The  typical  a/c  conditions  under  which  traversions  of  repaired  runway  or  taxiway 
sections  are  possible  can  be  distinguished  in  dependence  from  the  aircraft  mass  as 
follows: 

Aircraft  going  out  with  takeoff-mass 

1.  Steady  rolling  during  taxiing  and  limited  to  taxi  speed 

'2.  Deceleration  during  taxiing'  at  low  speed  with  brakes  (no  reverse  thrust) 

3.  Acceleration  during  take  off-roll  covering  all  speeds  up  to  lift  off  (RTO-excluded) 


Aircraft  coming  in  with  landing  mass 

1.  Landing  impact  with  lift  dump,  including  derotation 

2.  Deceleration  during  landing  roll  at  high  speed  with  thrust  reverser,  but  no 
braking 

3.  Deceleration  during  landing  roll  at  low  speed  or  during  taxiing  (with  braking 
but  no  reverse  thrust) 

4.  Steady  rolling  during  taxiing  at  taxi  speed 

5.  Deceleration  during  landina  roll  with  thrust  reverser  and  braking 
(ail  speeds  -  short-field  case) 


All  the  above  conditions  were  included  in  the  test  program  of  phase  1. 

As  mentioned  earlier,  no  test  cases  were  included  for  which  loads  higher  than  80%  of 
limit  were  predicted.  This  goal  required  a  careful  buildup  in  the  test  program  because 
enough  examples  exist  that  an  adverse  combination  of  incorrectly  accomplished  Initial 
conditions  may  rapidly  load  to  excessive  loads  up  to  failure  . 

In  this  buildup  program  the  results  had  to  be  contlnously  compared  to  predictions  and 
corrections  had  to  be  made  where  necessary. 

Since  the  predictions  had  suggested,  that  critical  loads  will  only  occur  from  multiple 
mat  traversions,  the  program  was  started  with  the  traversion  of  a  single  mat  with 
various  speeds  and  for  both  a/c  test  masses.-  For  the  verification  of-  the  handling  pro- 
pertier  from  the  asymmetric  loads  due  to  the  traversion  of  the  mat  with  only  one  main 
undercarriage  leg,  such  traversions  were  included  as  well.  - 

The  trials  were  continued  with  double  mats  with  variable  distance  and  with  mat  distance 
adjusted  to  the  conditions  for  adverse  mat  spacing  in  the  different  speed  ranges  and 
for  the  two  test  masses.' 
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Comparative  runs  over  a  half  size  UK  class  60  :nat  were  planned  with  the  a/c  i.rs  landing 
configuration  to  conclude  the  phase  I  test  program. 


3.  Preparation  of  the  test  aircraft 


3.1  Aircraft  standard 

As  long  as  the  Repaired  Runway  Test  Program  is  done  during  the  development 
time  of  the  aircic.ft,  there  is  always  the  availability  of  a  prototype  aircraft, 
which  for  development  flight  .est  reasons  has  basic  flight  test  instrumentation.. 
There  may  however,  be  shortcomings  in  the  use  of  prototype  aircraft  for  such  a 
program  either,  that  important  structural  or  undercarriage  properties,  in¬ 
fluencing  the  dynamic  behaviour  may  have  been  changed  in  production  aircraft 
or  that  increased  strength  in  production  aircraft  without  change  of  dynamic 
properties  may  yield  larger  safety  margins.  Althougn  the  verification  of  the 
analytical  model  could  be  dene  with  a  prototype  aircraft  for  a  prototype— model 
with  subsequent  analytical  coverage  of  the  differences,  as  much  production 
standard  properties  should  be  provided  as-possible. 

In  the  TORNADO  test  program  and  for  phase  1  prototype  'P01  was  used.  Main  and  nose 
undercarriage  have  been  of  improved  prototype  standard  with  performance  charac¬ 
teristics  representative  of  series  standard  (except  for  recoil  damping  of  the 
nose  undercarriage/  .  Elastically,  the  prototype  a/c  is  sufficiently  similar 
to  the  production  type  and  the  differences  ar  covered  in  the  dynamic  response 
analysis. 

Aircraft  mass,  and  c.  g.  have  been  adjusted  to  the  requirements  for  series  air¬ 
craft  and  the  remaining  differences  in  the  inertia  values  of  the  rigid  aircraft 
are  covered  in  the  analysis. 


3.2  Flight  test  instrumentation  and  data  acquisition 

The  primary  flight  test  Instrumentation  in  such  a  program  consists  of  parameters 
for  the  determination  of  the  undercarriage  behaviour,  that  is  the  determination 
of- loads,  strokes,  and  if  possible  of  the  internal  pressure  conditions  in  air- 
spring  and  damping  oleos. 

A-  important  is  the  determination  of  the  rigid  body  aircraft  motions  from  the 
ti aversions  as  well  as  from  pilots  inputs  as  braking,  steering  or  controL 
surface  inputs.  Engine  and  thrust  reverser  power  settings  need  to  be  measured 
as  well  as  buildup  and  magnitude  of  brake  pressures. 

Depending  on  the  type  of  aircraft,  dynamic  loads  in  the  wings  or  of  stores  as 
response  to  the  a/c  motions  from  traversions  may  become  critical  and  need  there¬ 
fore  test  instrumentation. 

The  a/c  used  in  the  trials  had  as  the  f‘rst  prototype  aircraft  a  comprehensive 
handling  instrumentation.  Measured  were  the  a/c  c.  g.  longitudinal  and  angular 
accelerations  in  all  3  axes  and  pitch,  roll  and  yaw  rates. 

All  pilots  inputs,  as  stick  or  pedal  positions  were  available  as  well  as  all 
the  relevant  control  surface  positions  inc’uding  spoilers  for  lift  dump  ini¬ 
tiation. 

The  special  instrumentation  for  the  undercarr lage  responses  consisted  of  cali¬ 
brated  straingauge  instrumentation  for  the  determination  of  longitudinal ,  side 
arid  vertical  forces  as  acting  cn  the  wheels  of  ail  three  legs.  All  three  under¬ 
carriage  legs  were  also  instrumented  to  measure  shook  absorber,  stroke  position 
and  airspring  nitrogen  pressure. 

Fig.  3  shows  the  undercarriage  loads  straingauge  locations. 

For  the. verification  of  the  dynamic  response  calculation  the  elastic  movements 
of  wings,  fuselage  and  wing  mounted  stores  were  measured  wluh  accelerometers. 

All  measured  parameters  were  recorded  onboard  via  PCM,  with  adequate  sampling  . 
rate.  All  loads  parameters  were  recorded  with  128  samples/sec  and  in  parallel 
for  the  verification  of  peak  loads  via  .the  FM  multiplex  system  (200  Hz  hand- 
width)  . 


FIG.  3  UNDERCARRIAGE  STRAINGAUGE  INSTALLATION 


The  °CH  data-stream  was  telemetered  to  the  ground  station  for  quasi-on  line 
evaluation.  This  was  helpful,  to  decide  upon  correct  performance  of  a  test  po:'r.t 
for  the  continuation  of  the  program,  as  well  as  for  the  correct  functioning  of 
the  flight  test  instrumentation. 


3.3  On-board  test  speed  indication 

A  dial  instrument  was  installed  ir.  the  cockpit  in  optimum  view  of  the  pilot,  which 
was  connected  to  the  wheelspeed  generator  of  the  antiskid-system  of  one  main  under¬ 
carriage  leg.  This  simple  instrument  provided  in  connection  with  the  accurate  tra- 
version  speed  determination  from  tape  switches  in  front  of  the  mats  a  valuable  aid 
to  the  pilot  for  accurate  test  speed  adjustment. 


3.4  Maintenat.ee  and  servicing 

Special  consideration  was  given  to  have  the  test  aircraft  as  close'  to  the  required 
status  as  possible  in  particular  with  respect  to  the  undercarriage  properties. 
Damping  fluid  and  nitrogen  fillings  have  been  adjusted  in  accordance  with  the  offi¬ 
cial  filling  procedures  prior  t_-  commencing  the  tests. 


4.  Test  site  and  Test  setup  ‘ 

4.1  General  remarks 

It  is  quite  obvious,  that  a'  test  program,  which  is  planned  to  cover  the  wide 
range- of  conditions  as  described  earlier  will  require  a  considerable  number 
of  testruns,  hoth  to  cover  the  different  test  conditions  as  well  as  the  repe¬ 
tition  of  testruns  due  to  the  inadvertent  scatter  ip- the  test  performance. 

Such  a  program  will  certainly  last  for  at  least  a  few  weeks  4nd  it  cannot  be 
assumed,  that- the  test  setup,  e.  g.  the  runway  repair  mats  with  the  associated 
test  equipment  is  compatible  with  a  normal  use  of  an  airfield  for  flight  operations. 

Most  test  centers  have  two  runways  available  so  that  frequent  installation  and 
removal  of  test  equipment  or  change  jf  test  location  during  the  test  program  can 
be  avoided  by  closing  one  runway  for  the  trial?. 


Such  cases  can  be 


°  Requirements  to  lower  tire  temperatures  than  at  best  can  be  reached  ir 
a  taxxrun  in  particular  at  high  a/c  mass  and 

°  Req'  \rements  to  shock  absorber  initial  temperatures  which  may  in  case  at 
a  taxitrial  not  be  representative  of  those  in  high  speed  cases  after  a. 
landing. 

The  choice  of  the  mat  position  along  a  closed  runway  or  taxiway  has  to  take  into 
account  the  required  distance  for  acceleration  and  stabilization  of  the  test  con¬ 
dition,  but  priority  must  always  be  given  to  an  adequate  runout  length  under  conn 
sideration  of  failures  of  deceleration  aids. 

The  experience  with  the  TORNADO  trials  has  shown,  that  another  important  parameter 
in  the  choice  of  a  test  site  is  the  quality  of  the  surface  at  the  envisaged  test 
site  because  unwanted  responses  to  local  surface  irregularities  will  interfere 
with  the  intended  responses  to  the  different  test  parameters. Runways  are  not  by 
far  as  smooth  uj  they  look  and  a  survey  of  the  surface  profile  at  the  test  site 
should  therefore  be  done  definitely  before  the  final  mat  location  is  chosen. 


4.2  Test  site  for  the  TORNADO  trials 


The  test  center  of  Manching  has  the  opportunity  of  two  separate  runways,  one  with 
10  000ft  and  the  other  with  8  000ft  standard  length.  This  made  the  closure  of 
the  8  000ft  (north)  RWY  possible  for  the  trials.  This  RWY  does  not  have  a  longi¬ 
tudinal  slope  but  a  lateral  slope  of  1.5°  both  sides  down  from  the  runway  center¬ 
line.  Therefore  the  mats  had  to  be  put  on  only  one  side  of  the  runway  and  the  left 
side  of  RWY  direction  25  was  chosen.  The  associated  light  drift  off  of  the  air¬ 
craft  had  to  be  corrected  by  the  pilot.  The  small  difference  in  vertical  load  from 
the  bahk  angle  is  within  the  curacy  of  the  measurements  and  was  therefore 
neglected  in  the  comparison  with  predictions.  Fig.  4  shows  the  single  mat  on  the 
left  half  of  the  runway. 


FIG.  4  SINGLE  AM-2  MAT  ON  THE  RUNWAY 


The  optimum  compromlseJ-pocition  of  the  mats  for  acceleration  and  deceleration  was 
initially  selected  with  the  forward  end  of  the  (fixed)  second  mat  at  200  meters 
in  front  of  the  mid  of  the  runway  leaving  an  acceleration  distance  of  1290  meters 
out  of  the  east  overrun  and  1420  meters  runout  length  to  the  barrier  +  504  meters 
overrun. 

Unexpected  undercarriage  loads  responses  and  poor  correlation  with  prediction  in 
the  flist  trials  triggered  a  surface  quality  survey  across  the  mats  at  the  initial 
location  and  this  survey  revealed  an  irregularity  in  the  runway  surface  right  at 
the  location  of  the  main  (second)  mat  ard  in  the  area  behind.  This  irregularity 
consisted  of  a  depression  about  ISmeters  long  and  with  its  lowest  point  about 
3.5  cm  below  the  average  surface  in  front  of  the  depression  and  followed  by  a 
rise  to  about.  1 . 5  cm  above  the  average  in  front  of  the  depression. 
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FIG.  5  RUNWAY  DEPRESSION  AT  THE  SELECTED  TEST  SITE 


Fig.  5  shows  the  result  of  that  surface  survey.  After  this  discovery,  the  mats 
were  pulled  back  and  relocated  finally  70  meters  ..n  front  of  the  initial  position 
in  a  reasonably  flat  area.  Fig.  6  shows  the  final  mat  location  and  the  surface 
around. 


FIG.  6  FINAL  MAT  LOCATION  ON  A  FLAT  RUNWAY  SECTION 


For  the  orientation  of  the  pilot,  an  auxiliary  centerline  in  the  middle  of  the 
left  RWY  half  was  applied  and  distance  lines  were  painted  across  the  runway 
every  100  meters  to  the  test  reference  line,  as  which  the  forward  end  of  the 
single  or  second  mat  was  defined.  These  lines  had  large  number  plates  on  the 
RWY  shoulders  for  the  pilot. 

In  the  area,  where  runup  positions  for  acceleration  runs  were  planned,  that  is 
300  m  to  50  m  to  the  reference  line,  these  100  m  distance  lines  were  subdivided 
by  20  meter  lines  at  the  side  for  accurate  brake  release  positioning. 

During  the  acceleration  runs,  and  all  other  runs,' which  required  pilots  action 
at  a  certain  position  of  the  runway  e.  g.  brake  release,  brake  .initiation,  thrust 
reverser  deployment  or  nosewheel  touch  down,  this  runway  position  was  identified 
to  the  pilot  by  parking  a  motorcar  next  to  the  shoulder  of  the  runway  at  this  very 
location. 

Since  the  a/c  had  a  comprehensive  flight  test  instrumentation  which  permitted 
quantitative  determination  of  all  test  parameters,  the  medium  speed  onboard  and 
runway  movie  cameras,  which  had  been  provided  were  installed  rather  for  the 
identification  of  unexpected  behaviour  of  the  a/c  than  for  quantitative  verifi¬ 
cation  of  the  test  performance. 

Exact  travel sion  speed  of  the  mats  was  determined  by  means  of  2  sets  of  tape 
switches,  one  in  front  of  each  mat. 

As  most  important  ground  equipment,  there  was  equipment  to  measure  tire  bead 
temperatures  and  equipment  for  cooling  of  tires  and  of  brakes. 

Warmup  of  the  tires  from  deformation  energy  and  heat  dissipation  from  the  brakes 
was  also  checked  by  measuring  tire  inflation  pressure  after  each  run  and  after 
cooling.  In  most  cases,  main  u/c  wheels  were  Replaced  with  cold  tires  after  2  test- 
runs  and  the  removed  wheels  were  used  again  after  cooloff  later  in  the  program. 


5.  Test  performance  and  typical  results 
5.1  Single  mat 

Since  predictions  suggested,  that  critical  loads  will  only  occur  from  multiple 
mat  traversions  and  in  order  to  generate  the  first  a/c  responses  for  comparison 
with  predictions,  tne  first  set  of  tra-'ersion  was  done  as  steady  state  traversion 
across  a  single  mat  with  variour  ti aversion  speeds  and  with  the  two  test  weights 
(take  off  and  landing  mass) . 

For  the  verification  of  the' handling  properties  from  the  asymmetric  loads  due  to 
the  traversion  of  the  mat  with  only  cne  main  undercarriage  leg  such  traversions 
were  included  as  well. 

All  thase  trials  were  done  from  accelerated  runs,  they  did  not  pose  any  problem 
for  the  pilot.  The  pilot  hardly  recoqnized  the  traversion  and  the  unsymmetric 
traversion  could  be  easily  controlled. 


(NN|  0*01  (IVlIV)  1V3I1I)*  3/A  JC0« 


FIG.  7  TYPICAL  NOSE  U/C  LOADS  FROM  A  60  KTS  TRA VERSION 
OF  A  SINGLE  AM-2  MAT 


Fig.  7  shows  a  typical  example  of  vertical  u/c  response  loads  from  a  single  mat 
traversion  at  constant  speed.  The  most  important  loads  are  those  generated  when 
the  wheel  goes  up  'the  front  ramp  onto  the  mat  and  the  "dynamic  overswing",  which 
is  caused  by  dynamic  compression  of  the  relevant  undercarriage  leg  from  the  a/c 
mass  oscillating  with  the  u/c  spring  stif^ne-.s  after  leaving  the  mat  again. 

As  function  of  speed  and  u/c  spring  stiffness  (nose/main)  there  may  also  be 
dynamic  loads  generated  on  the  mat  higher  than  the  load  from  the  front  ramp. 
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FIG.  8  PREDICTED  AND  MEASURED  NOSE  U/C  LOADS  FROM 
TAXYING  A  SINGLE  AM-2  MAT 


Fig.. 3  shows  the  predicted  loads  on  the  nose  u/c  for  mean  initial  load  and  the  ■  •  '■ 

two  defined  loads  "ramp  up"  and  "dynamic  overswing"  as  function  of  forward  speed  _  • 

and  for  the  two  relevant  a/c  weights.  ,  .  7\ 


The  measured  results  from  the  single  mat  traversions  show 

1.  an  increasing  deviation  in  the  stationary  load  on  the  nose  u/c  from  pre¬ 
diction  with  increasing  speed  and 

2.  a  wide  scatter  in  the  results  for  the  dynamic  overswing. 

As  result  from  1 .  the  aerodynamic  pitching  moment  in  the  model  was  adjusted  to 
the  measured  results  and  from  2.  the  scatter  in  the  dynamic  overswing  led  to  the 
discovery  of  the  runway  depression  as  described  before. 
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FIG.  9  TYPICAL  NOSE  U/C  LOADS  RESPONSES  ON  THE  RAMP 
OF  A  SECOND  MAT 
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If  the  rurway  damage  makes  it  necessary  to  place  mats  in  close  proximity,  the 
response  of  the  first  mat  will  dictate  the  initial  conaltion  for  the- encounter 
with  the  following  mat.  Fig.  9  shows  a  typical  example  of  possible  combinations 
and  the  mat  distance  where  the  ramp  of  the  second  mat  coincides  with  the  location 
of  the  dynamic  overswing  is  called  the  adverse  mat  spacing.  It  varies  with  a/c 
weight,  forward  speed  and  stationary  precondition  and  analyses  had  been  performed 
for  the  prediction  of  the  adverse  mat  spacing  for. the  two  a/c  masses  and  for  ,the 
different  initial  conditions.  These  analyses  shewed,  that  both  for  main  and  nose 
u/c  and  for  a  wide  range  of  initial  conditions,  the  adverse  mat  spacing  in  the 
medium  speed  range  30.... 80-  kts  lies  between  8  and  14  meters. 

Figs.  10  and  11  show  the  calculated  adverse  mat  spacings  for  different  speeds  and 
for  the  different  initial  conditions. 
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FIG.  10  CALCULATED  ADVERSE  MAT  SPACING  FROM 
NOSE  U/C  LOADS 
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FIG.  11  CALCULATED  ADVERSE  MAT  SPACING  FROM 
MAIN  U/C  LOADS 


Although  mat  spacings  of  less  than  10  meters  are  unlikely,  because  at  lower  damage 
distances,  mats  or  parts  of  it  would  be  combined' to  a  single  (longer)  mat,  covering 
the  entire  local  damaged  area  mat  spacings  of  9  and  1 1  meters  were  selected  for 
the  trials  in  the  low  and  medium  speed  range.  For  the  coverage  of  the  high  speed 
cases  19  meters  distance  were  chosen. 


Constant  speed  traversions 

For  the  constant  speed  traversions  which  were,  performed  in  the  speed  range  of 
35  to  70kts  ground  speed  for  both  a/c  masses,  acceleration  distance  was  selected 
such,  that  sufficient  time  for  a/c  speed  stabilization  aid  for  steady  initial  con¬ 
dition  was  available  without  using  long  taxi  distances  to  avoid  unwanted  tire 
heating.  Best  results  were  reached  with  short  max  dry  power  accelerations  and 
stabilization  distances  of  1 50 . . . . 300meters .  Typical  traversion  speed  deviation 
was  around  one  kt,  from  aim  speed  with  biggest  deviation  of  4  kts  in  a  4Ckts  case. 


FIG.  12  PREDICTED  AND  MEASURED  U/C  PEAK  LOADS  ON  THE 
RAMP  OF  THE  SECOND  MAT  WITH  9  M  SPACING 


with  9  r.  spacing  in  comparison  to  prediction,  me  tigurfc  snows  gccc  .^teec.Biu 
between  measured  and  predicted  load  at  the  speed  where  9  a  distinct;  is  predicted 
as  adverse  spacing  and  reduced  loads  (main  u/c)  at  speeds  where  the  predicted 
adverse  sat  spacing  is  different  from  the  tested  9  m. 


Taxe  off  acceleration  runs 

For  the  heavy  weight  acceleration  runs, the  a/c  was  positioned  at  a  distance  to 
the  tats,  which  after  Drake  release  with  .tax  reheat  power  setting  would  result 
in  a  lit  tr avers ion  with  the  intended  speed.  With  this  procedure,  the  real  speed 
was  within  3kts  of  the  intended. 

This  procedure  however,  produced  an  aircraft  response  which,  although  being  typi¬ 
cal,  was  not  compatible  with  the  intention  of  the  test,  i.  e.  monitoring  the  test 
progress  by  comparing  the  results  with  the  predictions. 
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FIG.  13  NOSE  U/G  LOADS  OSCILLATIONS  FROM  BRAKE  RELEASE 
AT  HIGH  POWER  SETTING 


As  is  shown  pn  Fig.  13  the  nose  u/c  vertical  loads  variations  from  the  a/c  pitch 
oscillations  after  brake  release  had  in  particular  in  the  cases  with  short  distances 
to  the  mats  (aiming  at  lew  traversion  speed)  at  the  time  of  the  mrt  traversion  not 
sufficiently  damped  off  as  to  generate  steady  state  Initial  conditions  for  the 
traversion  of  the  mats. 

The  predictions  however1  assumed  steady  state  Initial  conditions  also  in  the  accele¬ 
rated  or  braked  runs.  Theiefore,  the  accelerations  procedure  was  changed  later 
such,  that  in  the  cases  up  to  BO  kts  traversion  speed,  a  controlled  engine  accele¬ 
ration  to  max  reheat  from  idle  was  done  after  brake  release,  within  a  given  time, 
for  higher  traversion  speeds  (larger  distance  to  the  mats),  the  enc ines  were  simply 
slammed  to  .max  reheat  after  brake  release.  1 

With  this  procedure, speed  scatter  with  -  5kts  against  intended  speed  was  higher 
than  in  the  standard  acceleration  runs,  but  a/c  oscillations  interl ering  With 
the  mats  traversion*  could  be  adequately  avoided  as  Is  visible  in  rig.  14. 
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FIG.  14  AVOIDANCE  OF  NOSE  U/C  LOADS  OSCILLATIONS 
BY  CHANGED  ACCELERATION  PROCEDURE 


which  was  predicted  as  unimportant,  m  the  relevant'  speed  range,  rig,  13  a..-.a»a  trie 
time  histones  cS  cne  r.cse  u.  c  vertical  load  m  the  two  heavy  weight  t ate  o£f  runs 
with  104.7  «s  and  103. 0  kts  at  the  ramp  of  the  second  mat  (19  nr  spacing!1 . 
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FIG.  15  COMPARATIVE  TAKE-OFF  RUNS  WITH  AND  WITHOUT 
CSAS  OPERATIVE 


'The  time  histories  not  only  show  no  visible  Influence'  from  the  CSAS  but  also  a 
aood  repeatability  of  test  performance  with  almost  Identical  output  data. 


araked  test  runs 

The  widest  scatter  in  test  performance  was  tr  the  braked  runs  and  a  special 
technique  had  to  be  developed  to  come  to  acceptable  result.*.  *  . 

i\ t  first,  moderate  braking  and  alow  buildup  of  brake  power  (to  avoid  pitch 
oscillations)  had  to  be  trained  by  the  ;  ilot. 

'."he  best  results  were  reached,  when  ■  pilot  watched  the  cockpit  brake  pressure 
indication  and  increased  the  brake  pressure  to  a  predetermined  level  within  a 
)  1  ven  time.'  ' 

Klg.  16  and  17  show'  a  "omparison  of  an  early  testrun  and  of  one  after  some 
training.  The  improvement  is  evident. 

Initial  speed  b"f  <re  brake  onset  was  stabi J I  red. high  enough  to  give  sufficient 
deceleration  '•  (or  the  decay  of  any  dynamics  from  brake  onset  before  crossing 
the  mats,  but  .^w  enough  to  avoid  long  deceleration  distances  with  an  associated 
wide  scatter  of  traverslon  speed  from  si  ight  ly.  di  f  ferent  br.-.ke  application. 

r.he  I'ttMt  irm  of  brake  opxet  in  '  iis  stabi  1  l  /e-*  speed  run  with  ref  ereece  tog  the  mats 
was  indicated  at  t  tie  runway  si  le  w'i  tdt  a  parked  cot o  t  car  an*',  the  passing  of  •  he  .-snor- 
ir  was  reported  to  the  pilot  by  *  he'  navigator,  so  that  t  lie  pilot  could  no-nt  rate 
on  'he  s  t  alt  1  1  1  /.a  t  1  on  of  the  a  c  tn.l  >r.  f  fhe  braking  «nd  crossing  event.  This  technique 
roved  helpful  especially-  at  til  tier  speeds  and  in  t  he  *  est  r  uns  .iti  t.  h  reverse  *  (trust 
application,  where  .there  war,  high  workload  on  the  pilq'_  -flora  a/c  and  engine  handling. 
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Ra  16  UNSATISFACTORY  BRAKE  APPUCATION  IN  A  BRAKED 
TEST  RUN 


FIG.  17  RESULTS  OF  IMPROVED  BRAKING  TECHNIQUE 


banding  run*  with  thru*t  reverser 

The  highest  nois  u/c  loads  had  been  predicted  for  landing  runs  with  max  dry  thrust 
reye-ser  btciuss  t ha  ravers*  thrust  produces  a  nose  down  pitching  moment  on  the 
a/c. 

Fig.  :»  shows  the  predicted  nose  u/c  axial  load  vs.  'speed  when  going  up  the  ramp 
of  the  second  mat  at  adverse  distance.  The  figure  also  shows,  which  sdverse 
distance  is  associated  with  which  speed. 


C»0U«0  SPffO  (it  t  S  ) 


FIG.  18  NOSE  U/C  VERTICAL  (AXIAL)  LOAD  ON  THE  2ND  MAT  RAMP 
IN  MAX  DRY  T/R  DECELERATION  AFTER  LANDING 

A  direct  comparison  of  the  time  histories  of  runs  with  60  to  1T7kts  traversion 

speed  with  19  meters  mat  spacing  on  Fig.  1  '  shows  the  increase  in  dynamic  load  ( 

with  traversion  speed.  * 


117  (kts> 


FIG.  19  NOSE  U/C  LOADS  IN  MAX  DRY  REVERSE  THRUST 
DECELERATION  RUNS  (LANDING)  MASS 


critical  area  oy  inaccurate  test  performance.  ' 

An  interesting  experience  in  the  high  speed  runs  with  thrust  reverser  is  the 
pilots  complaint  about  the  narrow  strip.  The  pilot  had  the  impression,  that  with 
reverse  thrust,  which  produces  yaw  motions  of  the  aircraft,  'he  had  difficulties 
to  stay  on  the  narrow  strip.  The  evaluation  of  the  onboard  films  of  the  test 
however  showed,  that  although  there  was  some  yaw  motion  of  the  a/c,  the  a/c 
did  not  deviate  more  than  1  m  left  and  right  from  test  centerline  leaving  ample 
space  for  safety. 


6.  Use  of  the  test  results 

Althouqh  not  subject  of  the  paper,  the  consequences  of  the  test  program  in  re¬ 
spect  to  the  validation  of  the  computer  model  shall' be  shcr’-ly  mentioned. 

The  basic  computer  model  was  updated 

1.  in  the  ground  effect  aerodynamic  pitching  moment  and 

2.  in  the  incremental  nose  down  pitching  moment  from  max  dry  reverse  thrust 
from  the  data  generated  in  the  trials. 

Additionally  the  nose  u/c  recoil  damping  was  changed  to  the  value  for  the  used 
prototype  u/c. 

With  the  updated  i.,odel  a  number  of  tested  runs  yias  recalculated  with  inclusion 
of  additional  boundary  conditions  as  follows: 

1 .  measured  runway  surface  irregularities 

2.  ground  wind  and  direction 

3.  actual  taiieron  position  during  the  test 

4.  momentary  mass  data  of  the  a/c  (mass;  c.  g.  inertia) 

5.  braking  drag  as  measured 

6.  mat  ramp  profile  as  measured  in  situ 

As  an  example  cf  such  a  recalculation.  Fig,  20  shows  the  comparison  between 
measured  and  recalculated  nose  u/c  axial  load  from  the  landing  deceleration 
run  with  max  dry  reverse  thrust,  which  had  generated  the  highest  nose  u/c 
load  during  the  test  program. 


z 
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FIG.  20  MAX,  DECELERATION  LANDING  RUN  AND  RESULTS 

OF  RECALCULATION  WITH  THE  UPDATED  COMPUTER  MODEL 


7.  Conclusion 


Although  the  final  verification  of  the  computer  model  is  done  by  the  recalculation 
of  real  test  cases,  the  aim  of  such  a  test  program  must  be  toias  accurately  as 
possible  meet  given  test  conditions,  in  order  to: 

1.  give  clearance  for  the  continuation  of  the  test  program  by  immediate  comparison 
,of  measured  data  with  prediction’ 

2.  cover  the  whole  range  of  conditions  for  the  separation  of  influental  para-  ' 
meters  as  it  is  the  basis  for  the  test  program 

3.  discover  situations  whet  a/c  handling  qualities  make  it  difficult  for  the 
pilot  to  control  the  a/c  as  required  for  the  avoidance  of  adverse  combi¬ 
nations  of  initial  condil ions,  which  might  lead  to  excessive  loads. 

From  the  experience  of  this  test  program,  improvements  in  testing  technique 
can  be  thought  of  in  the. aria  of  braking,  to  better  control  buildup  end  size  of 
brake  power  by  a  semiautomatic  device  in  the  brake  system  and  possibly  an 
externally  triggered  brake  onset  from  a  runway  positioned  device. 

From  the  measuring  techniques,  more  information  would  be  welcome  about  the 
internal  processes  in  shock  absorbers,  i.  e.  airspring  and  damping  chambers 
including  a  determination  of  piston  friction.  Also  a  measurement  of  the  rolling 
radius  of  the  tires  under  all  tested  conditions  is  on  the  list  of  desirable 
additional  information. 

The  ieca) culation  of  tested  cases  and  the  good  agreement  with  the  measured  results 
nevertheless  show,  that  in  case  of  TORNADO  a  high  standard  computer  model  exists 
as  basis  for  test  phate  II  and  further  clearance  work. 
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SUMMARY 

'A  brief  description  is  given  of  the  AAR  equipment  and  techniques  presently  used  in  the 
RAF.  The  h  andling  and  performance  tests  needed  to  clear  a  new  receiver  type  are 
described,  together  with  some  of  the  results  obtained  when  large  transport  aircraft 

are  used  in  the  receiver . role,  vr- 

\ 

1  The  events  of  1982  stimulated  great  efforts  to  enhance  the  air-,to-air  refuelling 
(AAR)  capability  of  the  Royal  Air  Force.  Prior  to  the  Falklands  conflict  the  RAF  had 
one  dedicated  tanker,  the  Victor  K2,  and  from  it  9  types  of  aircraft  were  cleared  to 
refuel.  By  the  end  of  1982  the  Vulcan  and  Hercules  had  been  converted  to  the  tanker 
role  and  '0  types  of  aircraft  cleared  to  receive  from  each  of  them;  in  addition, 
exploratory  trials  had  taken  place  to  assess  the  KC  10  and  Tristar  as  candidates  for 
the  strategic  tanker  aircraft.  By  the  end  of  1983  the  VC  10  K2  was  in  Service  as  a 
tanker  and  9  types  of  aircraft  had  been  cleared  to  refuel  from  it.  Later  this  yaar 
the  VC  10  K3  and  Tristar  tankers  will  be  introduced  and  this  will  involve  a  heavy 
programme  of  'receiver  clearances. 

2  The  Aeroplane  and  Armament  Experimental  Establishment  (AAAEE)  has  been  intimately 
connected  with  this  effort.  It  has  been  found  difficult  for  industry  test  pilots  to 
maintain  AAR  receiving  practice  and  in  consequence  AtAEK  pilots  have  flown  on  all  the 
receiving  tests  of  each  type,  and  the  Establishment  is  therefore  well  placed  to 
comment  on  the  testing  of  aircraft  in  this  role. 

3  Most  UK  aircraft  used  for  AAR  are  equipped  with  probe  and  drogue  equipment 
developed  by  Flight  Refuelling  Ltd.  The  dispensing  gear  consists  of  either  the  MX  20 
or  Mk  32  pod,  designed  for  underwing  mounting  on  the  tanker,  or  the  Mk  17  Hose  Drum 
Unit,  HD’J,  which  is  mounted  in  the  fuselage.  The  principal  characteristics  of  each 
unit  ate  shown  in  Figure  1.  When  used  with' the  usual  high  spe*d  drogue  an  AAR  speed 
range  of  between  230  kn  and  320  kn  EAS  should  be  available  (subject  to  the  limitations 
specific  to  the  tanker  aircraft).  The  low  speed  drogue  fitted  to  the  Hercules  tanker 
allows  a  speed  ranqe  between  180  and  250  kn  EAS  to  be  used.  Although  the  three 
refuelling  systems  are  engineered  in  different  ways  they  must  all  be  capable  of 
satisfying  the  following  requirements . relating  to  receiver  handling. 

a  At  the  minimum  airspeed  the  drogue  must  offer  a  resistance  of  at  least 
200  lbf  to  ensure  that  the  prpbe  will  latch.  At  the  maximum  airspeed  and 
receiver  closure  rate  (12  ft/sec)  the  drogue  must  not  offer  such  a  high 
resistance  thatprobe  damage  results. 

b  Siflclent  torque  must  be  applied  to. the  hose  drum  so  that  when  the  receiver 
probe  has  engaged  in  the  droguj  and  the  receiver  moves  forward  relative  to  the 
tanker  the  hose  winds  in  smoothly  at  a  rate  of  up  to  12  ft/sec  without  allowing 
hose  oscillations  to  develop. 

c  The  receiver  pilot  must  be  provided  with  Information  regarding  how  much  hose 
is  extended  so  that  he,  can  maintain  an  optimum  position. 

d  In  ths  event  of  an  emergency  disconnect  being  required  the  drum  will  be 
braked  when  the  wind  out  velocity  exceeds  5  ft/sscr  this  will  than  a'llow  the’ 
piobe  to  part  coippany  from  the  drogue  when  the  'pull  out'  force  of  about  600  lbf 
is  exceeded,  without  ths  hose  first  having  to  be  fully  extended. 

s  A  system  of  siqnal  lights , (red,  amber  and  green)  must  be  incorporated.' to 
provide  unambiguous  information  to  the  receiver  pilot  by  day  or  night. 

4-  A  brief  description  of  a  typical  refuelling  manoeuvre  will  serve  to  illustrate 
the  procedures  that  are  presently  eiqployed  in  the  RAF.  The  receiver  aircraft  will 
join  with  the  tanker  in  the  echelon  position;  the  tanker  hoee  will  be  fully  trailed. 
When  cleared  astern  by  the  tanker  pilot,  the  receiver  pilot  wiil  position  his  aircraft 
some  50  to  100  feet  astern  of,  and  below,  the  drogue  with  which  he  is  going  to  make 
contact.  In  going  from  the  'echelon'  to  the  ' astern' '  position  the  receiver  must  allow, 
sufficient  room  to  paes  .below  the  vortex  system  of  the  tanker  wing..  When  cleared  by 
the  tanker  pilot  to  make  contact  the  receiver  will  advance  up  the  line  of  the  hoee  at 
art  overtaking  speed  of  3-4  kn.  This  is  based  mainly  on  visual  estimates  of  the 
closure  rate.  As  the  receiver  closes,  the  flow  field  from  the  tanker  will  begin  to 
influence  it  more  strongly;  buffet  and  noise  levels  may  increase,  more  power 


power  increment  is  applied  to  re-establish  the  overt. a-  ■  g  speed  and  the  probe  is  flown 
into  contact  with  the  drogue. This  can  be  achieved  in  .  ;ral  ways  and  is  dependent 
largely  on  tanker/receiver  type  and  pilot  preference.  \.i  a  general  rule  the  pilot 
should  concentrate  on  using  visualreferences  on  the  taojcer  to  hold  a  steady  approach 
up  the  line  of  the  ho3e  in,  the  final  seconds  until  -  -.tact  i3  made.  Unless  the  pilot 
is  very  experienced  he  should  resist  the  temptation  .o  focus  his  attention  on  flying 
the  probe  tip  into  the  drogue,  since  tni3  invariably  results  in  a  late  correction 
which  can  lead  to  overcontrolling  and  the  ’•iak  of  .robe  damage  caused  by  the  hose 
'whipping'.  However  on  some  aircraft  types  a  second  crew  member  can  usefully  assist 
the  pilot,  by  calling  for  any  small  corrections  required,  while  the  pilot  maintains 
is  references  on  the  tankef.  In  the  event  of  contact  being  missed  the  receiver 
should  move  back  to  the  stabilised  position  and  another  attempt  be  started  front  there. 

5  If  the  contact  has  been  successful  the  receiver  will  then  continue  to  close  on 
the  tanker,  possibly  requiring  additional  power  to  do  so  since  the  dreg  of  the  drogue 
is  now  largely  borne  by  the  receiver  (the  tanker  pilot  will  have  had  to  make  a 
corresponding  3mal 1  power  reduction  to  maintain  target  speed).  Fuel  transfer  begins 
automatically  when  about  7  feet  of  hose  has  been  pushed  back  on  to  the  drum.  The  . 
receiver  will  continue  to  close  on  the  tanker  until  about'  40  to  50  feet  Of  hose  remain 
extended  in  the  case  of  the  Mk  17  HDU  or  35  to  40  feet  for  the  pod  equipments.  This 
amount  of  hose  extended  gives  a  safe  separation  between  the  two  aircraft,  but  will 
allow  some  latitude  for  the  receiver  to  fall  back  without  extending  the  hose  fully  and 
breaking  contact.  The  amount  of  hose  extended  can  be  gauged  fro*  coloured  marking 
bands  around  the  hose  or,  on  some  tankers,  by  noting  the  position  of  the  hose  serving 
carriage.  The  optimum  position  can  be  flown  throughout  the  refuelling  by  maintaining 
the  correct  vertical  and  lateral  position  with  the  aid  of  line  up  markings  and  other 
visual  references  on  the  .tanker  such  that  the  section  of  hose  immediately  in  front  of 
the  drogue  is  aligned  with  the  probe-  Any  sharp  change  of  angle  at  the  coupling 
indicates  that  unnecessary  bending  strain  is  being  exerted  on  the  probe  due  to  the 
receiver  being  incorrectly  positioned.  When  in  the  refuelling  position  the  receiver 
can  follow  the  tanker  in  turns  (provided  there  is  sufficient  power  available)  and  in 
descents.  The  tanker  captain  should,  whenever  possible,  signal  his  intention  and  make 
smooth  entries  to  and  from  such  manoeuvres.  The  tanker  is  usually  flown  under 
autopilot  control.  At  the  conclusion  of  refuelling  the  receiver  pilot  will  normally 
make  a  small  power  reduction  and  retreat  slowly  down  the  line  of  the  hose  until 
reaching  the  full  trail  position,  when  the  probe  will  pull  out  of  the  drogue.  An 
emergency  disconnect  can  be  achieved  by  making  a  rapid  power  reducfcion/airfcrake 
extension  in  the  receiver,  promoting  a  separation  rate  in  excess  of  5  ft/s ec  in  which 
case  the  emergency  brake  on  the  drum  will  act  and  allow  the  probe  to  pull  out  of  the 
drogue  without  the  hose  being  fully  extended. 


6  From  the  foregoing  it  can  be  seen  that  the  AAR  manoeuvre  requires  considerable 
piloting  skill,  visual  contact  with  the  tanker,  and  reasonably  smooth  air  to  avoid  an 
unsteady  drogue.  With  these  criteria  satisfied  AAR  can  be  attenpted  by  day  or  night, 
but  it  is  not  Dossible  to  guarantee  success.  In  normal  circumstances  all  AAR 
operations  are  planned  so  that  a  failure  to  refuel  results  in  nothing  more  serious 
than  a  diversion.  All  probes  should  have  a  'weak  link'  at  the  tip  so  that  in  the 
event  of  an  excessive  loads  being  applied  it  breaks  off,  the  tip  being  retained  in  the 
drogue.  Wo  further  structural  damage  should  be  sustained. 

7  When  AtAEE  is  tasked  to  clear  a  new  receiver  with  a  specified  tanker,  the  process 
begine  witl.  a  consideration  of  the  following  aspects. 


a  Physical  Clearances:  Scj, 
ensure  that  safe  separation  c 
laid  deem  but  flight  trials  * 
satisfied  with  the  clearances 
will  not  require  excessive  at 
general  the  physical  constra 
giound  attack  aircraft  from 


ale  diagrams  of  the  two  aircraft  are  conpared  to 
{an  be  maintained.  ,  No  hard  and  fast  criteria  are 
ill  only  be  proceeded , with  if  the  aircrew  are 

and,  in  particular,  that  an  emergency  disconnect 
tentlon  to  avoid  a  collision  with  the  tanker.  In 
ijnts  make  it  possible  to  refuel  only  fighter  and 
ing  stations. 


b  The  flight  envelope  wit! 
with  the  flight  envelope  of  t 
into  account  and  the  two  env< 
attempted.  A  diagram  showinc 
Figure  2.  It  can  be  seen  tlu 
speeds  of  the  two  types  which 
trials.  (It  has  been  the  pr 
tion  as  being  that  where  at  1] 
without  encountering  buffet 
manoeuvre  capability  and  all 
A) so  shown  in  Figure  2  ie  th4 
which  is  required  to  receive 
envelope  available  is  much  14 


in  which  the  tanker  may  dispense  fuel  is  compared 
!hs  receiver.  Airspeed  calibrations  must  be  taken 
lopes  overlapped  to  determine  where  AAR  can  bs 
the  AAR  capability  of  two  tanker  types  is  given  in 
t  there  is  a  significant  difference  in  the  minimum 
must  be  taken  into  account  when  nla-ming  mutual  AAR 
j|ctice  to  regard  the  minimum  speed  lor  the  combina- 
east  1.2  'G'  can  be  achieved  by  either  aircraft 
r  other  pre-stall  symptoms.  This  given  a  reasonable 
we  turns  with  up  to  30*  bank  to  be  undertaken). 

maximum  permitted  speed  for  a  turbo  prop  transport 
from  both  the  above  tankers.  The  refuelling 
roar  from  Tanker  A  chan  from  Tanker  B. 


ii  Are  the  rerueiivng  arms  sdtibiacioty  mm  uai,  <-ue  v.  m  ~  _ 

respected  readily? 

iii  Does  the  receiver  fuel  system  allow  contact  to  be  made  without  any 

fuel  flowing  if  the  pilot  wishes  to  practice  only  training  contacts? 

iv  What  is  the  maximum  engine  powei  rating  to  be  used  in  the  AAR  role? 

How  will  the  crew  ensure  that  the  limits  are  respected? 

Are  the  engines  surge  prone? 

v  Is  the  aircraft  suitable  for  flying  in  close  formation?  For 

instance  can  the  pilot  (or  copilot)  fly  the  aircraft,  manipulate  the 
throttles/airbrakes  and  trim  the  aircraft  satisfactorily?  If  not, 
hew  will  the  duties  be  split? 

vi  Are  the  pitot/static  sources  likely  to  be  affected  by  the  drogue  wake? 

vii  Are  there  any  devices  that  need  to  be  inhibited  in  case  they  should 

operate  incorrectly  in  the  disturbed  airflow  behind  the  drogue  eg 
angle  of  attack  sensors  that  might  trigger  a  3tick  pusher? 

viii  If  the  aircraft  is  fitted  with  autostabilisers  or  a  flight  control 
system  what  facilities  should  be  selected  for  the  AAR  role?  What 
levels  of  degraded  operation  and  failure  states  should  be 
investigated? 

ix  Are  there  any  items  mounted  on  the  fuselage,  adjacent  to  the  probe, 
that  might  be  susceptible  to  damage  by  the  drogue  and  which,  if 
damaged  could  cause  a  hazard  eg  an  antenna  that  could  be  ingested  by 
an  engine? 

8  Normally  the  objective  of  the  flight  trials  programme  will  be  to  clear  as  wide  an 
AAR  envelope  for  the  tanker  and  receiver  combination  as  is  possible.  This  will 
require  exploration  of  the  maximum  speeds  and  maximum  altitudes  (for, which  both 
aircraft  will  probably  have  to  be  at  lightweight),  maximum  airspeed  and  Mach  no,  the 
effect  of  operating  both  aircraft  at  up  to  maximum  weight  and  any  handling  changes 
caused  by  operating  the  receiver  at  the  extremes  of  C  of  G  position.  It  is  also 
likely  that  night  AAR  will  need  to  be  demonstrated.  r  receiver  aircraft  that  can 
carry  external  stores  the  most  adverse  configuration  should  be  demonstrated.  For  all’ 
initial  contacts  between  a  tanker  and  new  receiver  type  a  chase  aircraft  should  be 
available  so  that  a  video  record  can  be  obtained  in  case  any  unexpected  behaviour 
warrants  subsequent  analysis. 

9  The  flight  programme  will  commence  with  an  initial  exploration  of  the  receiver 
behaviour  when  flying  in  representative  positions  behind  the  tanker  with  the  tanker 
hose  wound  in.  This  will  be  done  at  moderate  speed,  altitude  and  weight,  where  the 
receiver  will  have  plenty  of  power  and  manoeuvre  capability  in  hand.  In  addition  to 
exploring  the  positions  likely  to  be  encountered  during  a  good  approach  and  contact, 
the  receiver  pilot  will  also  e-'.sure  that  the  handling  remains  acceptable  when 
displaced  frem  the  correct  position.  The  tanker  will  then  extend  the  hose  and,  the 
receiver  will  make  the  first  contacts  with  the  drogue.  Av.  one  speed  and  altitude  a 
typical  test  programme  would  be  as  follows; 

a  Make  contact  with  the  drogue,  move  into  the  optimum  refuelling  position  and 
assesc  the  flying  qualities  of  the  receiver  for  several  minutes.  Performance 
measurements  can  be  made. 

b  Displace  the  receiver,  from  the  optimum  position  (with  the  hose  still 
attached).  Explore  the  handling  within  a  'cone1  of  about  15*  around  the  optimum 
■'  position,  if  this  is  possible. 

c  Move  closer  to  the  tanker  and  make  an  assessment  at  the  closest  position 
that  is  likely  to  be  encountered. 

d  In  the  optimum  refuelling  position  follow, the  tanker  into  and  out  of  left 
and  right  turns  at  bank  angles  of  up  to  30*  if  possible. 

e  Follow  the  tanker  into  a  descent  at  a  rate  of  up  to  about  500  ft/min.  (This 
simulates  a  manoeuvre  that  may  be  necessary  if  a  receiver  becomes  power  limited 
during  a  large  fuel  transfer;  a  descent  or  'toboggan'  may  be  the  only  way  to 
remain  in  contact). 

f  Break  contact  in  the  normal  way  by  gently  backing  off  from  the  tanker  until, 
at  full  extension,  the  hose  disconnects. 
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progress  depends  on  the  difficulties  encountered  and  the  flexibility  available  for 
varying  the  loadings  of  the  tanker  and  receiver  aircraft.  Usually  3  to  4  receiver 
sorties  are  necessary  to  complete  the  programme  and  explore  the  flight  envelope 
fully  On  occasions  it  has  been  possible  to  test  several  receivers  during  the  course 
of  one  tanker  sortie.  This  is  economical  but  requires  subtle  arrangement  of  the 
programme  to  achieve  all  the  objectives. 

11  A&AEE  philosophy  on  testing  failure  cases  has  been  to  assess  whether  or  not 
refuelling  can  be  achieved  when  either  the  tanker  or  receiver  has  sustained  a  failure 
prior  to  making  contact.'  To  date  this  has  consisted  of  examining  refuelling  with  One 
engine  shut  down  on  multi  engine  aircraft  and  assessing  the  effects  of  a  simulated 
autostabiliser  failure.  The  object  has  been  to  give  advice  to  the  Service  so  that  a 
pilot  who  has  sustained  such  a  failure  can  make  a  judgement  as  to  whether  <~r  not 
refuelling  should  be  attempted.  The  transport  aircraft  now  being  introduced  into 
Service  have  high  levels  of  system  redundancy,  and  are  capable  of  being  despatched 
with  a  variety  of  passive  failures  present.  It  is  worth  debating  whether  the  extent 
of  AAR  testing  should  be  extended  to  cover  some  of  these  cases.  The  consequences  of  a 
failure  occurring  while  in  contact  with  the  tanker  have  not  been  tested  in  flight. 

Any  system  failv.re  in  the  tanker  or  receiver  that  causes  a  transient  excursion  of  the 
flight  path  is  obviously  a  hazard  to  aircraft  in  close  formation.  The  risk  can  be 
minimised  by  conscientious  monitoring  of  the  flying  controls  by  the  tanker  crew  (as 
the  tanker  is  mrmally  flown  with  the  autopilot  engaged).  The  presence  of  the  weak 
link'  in  the  probe  tip  should  also  ensure  hose  separation  from  the  receiver  if  either 
aircraft  suffers  a  disturbance  that  results  in  the  hose  becoming  seriously  mis-aligned 
with  the  p’obe. 

12  AA*  is  essentially  similar  to  flying  in  formation,  but  the  receiver  pilot  must 
fly  hij  aircraft  in  a  position,  relative  to  the  tanker,  that  is  dictated  by  the  hose 
trai'ing  characteristics.  If  this  puts  the  receiver  in  unsteady  airflow  the  pilot  has 
to  condensate  as  best  he  can.  When  conducting  an  AAR  handling  assessment  the  criteria 
of  acceptable  or  unacceptable  behaviour,  is  at  present,  almost  exclusively  the 
qualitative  judgement  of  the  assessing  pilots.  The  test  engineer  can  produce 
quantification  of  the  relevant  parameters  but,  often,  they  serve  only  to  explain  why  a 
pilot  should  find  the  handling  ‘easy’  or  “difficult*.  It  is  hoped  that,  from  the  wide 
range  of  experience  that  has  been  gained  recently,  it  might  be  possible  to  determine 
numerical  criteria  that  relate  to  pilot  opinion  and  which  might  be  applicable  to 
future  trials.  The  A&AEE  trials  have  shown  that  all  the  aircraft  types  tested  have 
the  potential  to  be  AAR  receivers  from  the  various  tankers.  While  problems  have  been 
experienced  by  some  aircraft  at  various  points  in  the  flight  envelope  none  has  proven 
universally  unacceptable  on  handling  or  perfornance  grounds.  Some  specific  items  of 
interest  are  given  in  the  following  paragraphs. 

13  AIRFRAME  BUFFET  Airframe  buffet  is  nearly  always  present  to  a  greater  or 
lesser  extent.  Usually,  from  a 'handling  point  of  view,  it  has  not  been  judged 
limiting. '  When  testa  were  made  in  a  Hercules  behind  the  Tristar  and  KC  10  the  buffet 
experienced  on  the  centreline  station  was  much  reduced  when  the  tanker's  centre  engine 
was  throttled  back  but,  in  contrast,  the  buffet  experienced  in  a  Hercules .behind  the 
VC  10  K2  was  not  reduced  by  throttling  the  two  inboard  engines  of  the  tanker.  On  the 
centreline  refuelling  station  buffet  levels  can  nearly  always  be  reduced  by  flying 
lower  but  this  may  involve  a  risk  of  probe  breakage.  This  is  one  reason  why  a  high 
mounted  probe  is  beneficial  compared  to  a  low  mounted  one;,  the  receiver  aircraft  can 
be  lower  relative  to  the  tanker  waks.  0,n  some  receiver  types  the  noise  .level  in  the 
cockpit  increased  markedly  at  higher  airspeed,  presumably  because  of  the  wake  from  the 
drogue  interacting  with  the  airflow  around  the  nose  of  the  aircraft. 

14  ENGINE  HANDLING  AAR  can  demand  large  engine  pov.er  variations  to  mako  *md  then 
maintain  contact  with  the  tanker.  For  a  transport  aircraft  this  can  represen*-  a  very 
different  pattern,  of  power  usage  from  that  envisaged  during  initial  certification. 

Also  it  is  necessary  for  the  pilot,  not  the  engineer,  to  manipulate  the  throttles. 
Figure  3  shows  the  parameters  recorded  on  on  engine  of  a  VC  10  K2  while  operating  as  a 
receiver.  These  were  chosen  as  being  fairly  representative  of  thepower  excursions 
that  may  be  used  during  AAR  on  a  large  receiver  aircraft ' while  maintaining  station  in 
the  refuelling  position.  In  general,  from  handling  considerations,  the  engines  of 
receiver  aircraft  appear  not  to  be  affected  by  the  disturbed  airflow  environment.  An 
exception  to  this  occurred  during  trials  with  the  VC  10  K2  as  a  receiver  from  the 
Victor  K2  tanker.  Engine  'pop'  surges  were  experienced  on  several  occasions,  even 
when  pcwer  demand  was  steady.  No  obvious  pattern  of  circumstances  in  which  these 
surges  occurred  could  be  detected  and  the  results  are  still  being  investigated.  When 
the  same  VC  10  K2  was  flown  as  a  receiver  from  another  VC  10  K2  tanker  no  surging  was 
experienced  during  the  entire  programme.  When  the  VC  10  K2  was  operated  as  a  receiver 
at  high  altitude  it  was  found  almost  impossible  to  respect  the  lew  pressure  conpressor 
speed  limits.  Whereas  in  the  transport  role,  engine  power  changes  at  altitude  tended 


altitude:  and  speed.  The  pilot  waa  then  free  to  Manipulate  the  throttles  up  to  the 
limit  imposed  by  the  new  stops  without  the  risk  of  exceeding  the  maximum  compressor 
speed. 

15  .  A  problem  experienced  on  some  fast  jet  aircraft  is  the  need  to  use  reheat  to 
obtain  a  high  altitude  refuelling  capability.  On  the  Phantom  it  was  found  necessary 
to  run  one  engine  in  reheat  and  then  modulate  the  thrust  on  che  other  engine  which  was 
operating  in  the  dry  power  range.  This  was  the  only  practicable  way  to  circumvent  the 
step'change  of  thrust  produced  by  going  from  maximum  'dry'  power  to  the  minimum  reheat 
setting.  In  other  circumstances  relatively  low  power  settings  may  be  needed  and  this 
can  introduce  different  problems.  When  the  Buccaneer  attempted  to  refuel  from  a 
Hercules  tanker  at  low  altitude  both  engines  were  operating  at  reduced  power  settings 
where  the  ..igine  response  was  unacceptably  slew.  It  waa  found  necessary  to  extend  the 
airbrakes  partially/  to  increase  the  drag  so  that  the  engines  were  operating  at  a 
higher  power  setting  with  faster  response  characteristics. 

16  LATERAL  CONTROL  POWER  When  a  receiver  approaches  a  wing  refuelling  station  it 
usually  experiences  a  rolling  moment  towards  the  tanker  fuselage.  On  most  fast  jet 
aircraft  this  can.be  trimmed  out  without  use  of  excessive  roll, control.  During  trials 
to  explore  the  likely  capability  of  aircraft  to  refuel  from  the  strategic  tanker,  a 
Hercules  made  an  approach  to  a  Tristar  starboard  wing  station  (no  refuelling  equipment 
was  fitted  but  the  wing  was  marked  to  indicate  where  a  refuelling  pod  might  be 
fitted).  As  the  receiver  approached  the  refuelling  position  it  was  necessary  to  apply 
progressively  more  right  aileron  and  rudder.  Eventually,  at  a  point  still  behind  the 
tanker  and  well  short  of  the, drogue  position  that  would  be  achieved  with  existing  pod 
equipments,  full  aileron  travel  was  required  to  hold  the  wings  level.  The  investiga¬ 
tion  was  terminated  and  it  was  concluded  that,  all  other  considerations  aside,  the 
handling  characteristics  of  the  Hercules  were  not  acceptable  for  wing  station 
refuelling.  This  test  was  repeated  at  higher  speeds  with  two  large  turbojet 
receivers;  in  both  cases  large  amounts  of  aileron  and  rudder  deflection  were  necessary 
to  hold  a  simulated  refuelling  position,  and  it  was  not  thought  that  wing  station  ; 
clearances  would  be  practicable. 

17  LATERAL  AND  DIRECTIONAL  BEHAVIOUR  With  several  large  receiver  aircraft  there 
has  been  a .tendency  for  yaw  oscillations  to  occur  when ■ approaching  the  drogue. 

Normally  it  has  been  possible  to  counteract  this  by  use  of  rudder  and  the 
characteristic  has  not  proved  to  be  a  serious  handling  probleni.  However  during  early 
trials  with  'Nimrod'  variants  behind  the  Victor  K2  the  handling  was  judged  to  be 
unacceptable  because  an  undamped  yawing  oscillation  developed  with  a  period  of  about 
8  seconds.  It  was  found  necessary  to  alter  the  behaviour  by  modifying  the  yaw  damper 
demand  produced  by  aileron  movement.  This  modification,  together  with  an  effective 
increase  of  fin  area  (necessary  to  compensate  for  the  de-stabilising  effect  of  the 
probe)  produced  acceptable  handling  characteristics  for  AAR. 

18  ASYMMETRIC  BEHAVIOUR  To  date  there  have  been  no  significant  handling  problems 
due  to  asymmetric  thrust  when  attempting  to  refuel  a  multi  engine  receiver  with  one 
engine  shut  down.  However  the  loss  cf  thrust  has  resulted  in  a  marked  reduction  of 
the  available  AAR  envelope.  On  'some  fast  jet  aircraft  it  was  found  necessary  to  use 
reheat  on  the  remaining  engine  to  overcome  the  performance  deficiency  and  this  has 
introduced  problems  in  formating  with  the  tanker.  When  refuelling  a  Phantom  from  a 
Hercules  tanker  at  low  airspeed,  the  single  engine  had  to  be  in  full  reheat.  Thrust 
was  thus  held  constant  and  the  drag  modulated  by  airbrake  operation  to  maintain 
station. 

19  LONGITUDINAL  CHARACTERISTICS  Marked  changes  of  trim,  in  pitch,  are  a  feature 
of  all'  receiver  aircraft  when  moving  from  the  astern  position  through  to  the  refuel 
position.  Unless  a  column  or  yoke  mounted  electric  trim  switch  is  incorporated,  then 
difficulty  in  retri.nming  can  be  experienced.  This  has  been  a  deficiency  of  some 
transport  aircraft  being  used  in  th^  AAR  role,  where  high  out  of  trim  forces  can  be 
experienced  and  the  pilot  has  to  contain  these' single  handed  while  retrimming  with  the 
other  hand.  Another  handling  problem  that  has  been  experienced  by  some  large  receiver 
aircraft  has  been  a  terdency  to  enter  a  short  period  pitch  oscillation  when  making 
contact  or  when  in  the  refuelling  position.  Both  the  VC  10  and  Victor  have  exhibited 
this  tendency.  During  recent  trials  a  VC  10  K2  was  found  to  be  prone  to, such  pitch 
oscillations  when  acting  as  a  receiver  from  another  VC  10  K2  tanker.  However  despite 
this,  the  overall  handling  characteristic-  were  judged  to  be  satisfactory  by  the 
pilots  when  refuelling  at  speeds  up  to  the  maximum  at  which  the  tanker  was  permitted 
to  fly.  When  the  same  aircraft  was  flown  as  a  receiver,  but  with  a  Victor  K2  acting 
ae  tanker  the  pitching  oscillation  was  more  pronbunced.  Handling  became  difficult  at 


behind  the  Victor.  The  data  was  recorded  from  a  fushlage  mounted  vane  and  serve 
to  show  the  increased  unsteadiness  of  the  flow  at  that  position. 

b  The  increased  amplitude  of  the  normal  acceleration  excursions  recorded  when 
flying  behind  the  Victor  which  was  associated  with  larger  elevator  movements; 
these  also  required  greater  control  forces  to  be  exerted  by  the  pilot. 

c  The  marked  differences  in  elevator  and  tailplane  angle  required  to  trim  the 
aircraft  under  similar  airspeed,  height  and  loading  conditions.  This  was 
probably  due  to  the  higher  span  loading  of  the  VC  10  tanker  causing  a  more 
intense  downwash  field  than  behind  the  Victor. 

Figure  5  shows  a  comparison  of  the  short  period  longitudinal  characteristics  of:  the 
VC  10  K2  when  refuelling  behind  a  Victor  K2  at  250  kn  and  310  kn  IAS.  At  the  lower 
speed  the  handling  was  judged  to  be  relatively  easy  whereas  at  310  kn,  as  indicated 
previously,  it  was  markedly  more  difficult.  Even  at  the  lower  speed  the.  oscillatory 
nature  of  the  normal  acceleration  record  is  apparent,  but  the  period  is  appreciably 
longer  (3.8  seconds)  than  at  the  higher  speed  (2.3  seconds).  Also,  at  the  lower 
speed,  the  incidence  vane  fluctuations  are  smaller. 

20  At  present  the  criteria  for  acceptable  longitudinal  handling  characteristics  of  a 
receiver  aircraft  behind  a  tanker  are  not  well  understood.  It  seems  that  if  a  Large 
receiver  is  prone  to  develop  a  short  period  pitching  oscillation,  then  as  the  airspeed 
increases  the  period  of  the  oscillation  gets  shorter.  A  study  of  the  record  of  normal 
acceleration,  measured  at  the  C  of  G,  indicates  that  it  might  be  possible  to  develop 
pilot  opinion  plots  based  on  the  frequency  of  the  oscillation  and  the  aaplitude  of  the 
normal  acceleration  Excursions.  These  possibilities  are  still  being  examined.  It  is 
interesting  to'  speculate  on  how  the  receiver  might  be  made  less  susceptible  to  the 
short  period  oscillation.  The  introduction  of  a  pitch  auto-  stabiliser  might  be  a, 
solution.  On  large  aircraft  that  have  been  converted  from  other  roles,  it  i.3  passible 
that  the  high  values  of  stick  force/g  lead  to  an  unnecessarily  high  piloting  workload 
when  attempting  AAR;  the  pilot  might  be  better  able  to  control  the  aircraft  iff  the 
elevator  forces  could  be  made  significantly  smaller.  There  is  certainly  some* 
incentive  to  try  and  improve  the  handling  in  this  respect  in  order  to  give  the  maximum 
possible  AAR  speeds  and,  perhaps  more  importantly,  to  reduce  the  *g*  excursions  and 
the  associated  fatigue  damage  that  may  be  sustained  by  the  receiver  aircraft. 
Oscillatory  behaviour  in  pitch  is  not  confined  to  large  aircraft.  Several  fast  jets 
exhibit  a  similar  tendency  when  refuelling  from  both  the  centreline  and  wing  stations. 

21  PERFORMANCE  Operation  as  an  AAR  receiver  may  require  a  considerable  increase 
in  power  to  make  contact  with  the  drogue  and  then  to  maintain  the  refuelling 
position.  This  can  reduce  the  available  AAR  envelope  significantly,  particularly  when 
a  large  performance  disparity  exists  already,  ie  a  turboprop  receiver  and  turbojet 
tanker.  It  is  postulated  that  the  drag  increase  occurs  due  to; 

a  The  receiver  flying  in  the  tanker  downwash  field.  This  can  be  equated  to 
the  extra  power  needed  to  maintain  level  flight  when  in  the  presence  of  a’  down 
draft; 

b  An  increase  in  induced  drag  caused  by  the  receiver's  spanwise  loading 
distribution  being  changed  because  of  operating  in  the  tanker  wake;  and 

c  A  proportion  of  the  drag  of  the  drogue  being  borne  by  the  receiver.  (For 
the  high  speed  drogue  at  300  kn  EAS  this  can  amount  to  1,100  lbf). 

22  It  was  found  possible  to  express  the  Hercules  performance  as  a  receiver  in  the 
form  of  a  graph  of  ‘apparent  drag  coefficient  (Cp)  plotted  against  Cj2.  (The  term 
'apparent  Cp'  has  been  coined  because  it  can  be  argued  that  the  drag  coefficient  of 
the  receiver,  as  defined  in  the  conventional  way,  cannot  have  altered  because  it  is 
flying  in  the  wake  of  another  aircraft).  This  is  shown  in  Figure  6  for  the  Hercules 
receiver  behind  a  Hercules  tanker  and  in  Figure  7  for  the  Hercules  receiver  behind  a 
widebody  tanker.  The  Hercules  performance  in  free  air  is  shown  for  comparison. 

Behind  both  tanker  types  the  increase  in  apparent  drag  coefficient  indicates  the  very 
significant  power  increases  needed  to  act  as  a  receiver.  This  is  particularly 
noticeable  behind  the  widebody  tanker  where  the  drag  was  effectively '  doubled  when  in 
■the  normal  refuelling  position,  even  without  drogue  drag  being  considered.  (These 
data  were  acquired  during  feasibility  testing  of  the  widebody  aircraft,  and 
representative  refuelling  equipment  was  not  fitted).  Figure  7  also  shows  the 
reduction  in  drag  that  could  be  obtained  by  flying  some  IP  to  15  feet  lower  than,  the 
estimated  normal  refuelling  position.  It  is  interesting  to  compare  the  Hercules 
performance  as  a  receiver  behind  various  tankers  with  which  it  has  been  tested.  The 
results  are  shown  in  Figure  8.  The  two  wide  bodied  aircraft  tested  as  potential 
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when  the  receiver  was  flown  brhind  a  widebouy  (span  loading  2100  to  2C00  lbf/ft) 
compared  to  behind  a  Hercules  tanker  (span  loading  750  to  13G0  lt-f/ft)  it  is  apparent 
that  the  Vulcan  tanker  still  produced  a  higher  apparent  drag  coefficient  in  the 
receiver  than  did  the  Victor  tanker  despite  the  similarity  in  span  loading  (11G0  to 
1600  lbf/ft).  It  is  assumed  that,  in  the  former  case,  the  tanker  wake  caused  a  more 
adverse  lift  distribution  across  the  receiver  wing  producing  a  greater  induced  drag 
factor.  The  variations  in  weight  of  a  given  tanker  type  have  not  produced  consistent 
measurable  changes  in  the,  apparent  drag  coefficient  of  the  receiver.  It  might  be 
expected  that  a  light  tanker  would  produce  a, smaller  downwash  velocity,  at  a  given 
speer,  than  when  it  was  heavy,  and  that  this  would  show  ilp  as  reduction  in  the 
apparent  drag  coefficient  of  the  receiver.  No  such  effect  could  be  measured  except 
possibly  at  very  high  Cl  values  (see  Figure  6). 

23  It  has  been  found  that,  if  a  receiver  has  insufficient  performance  to  make  or 
maintain  contact  with  the  tanker,  it  may  be  possible  to  compensate  for  the  thrust 
deficiency  by  performing  AAR  in  a  descent.  This  is  known  as  'tobogganing'.  A&AEE  has 
made  and  maintained  contact  during  descents  of  rates  of  up  to  1000  f t/r-in  without 
difficulty.  The  performance  benefits  have  to  be'werghed  against  the  operational 
disadvantages  of  having  to  descend  from  the  selected  flight  J-vei  and  the  risk  of 
cloud  and  turbulence  being  encountered  in  the  descent.  Pcwever,  for  certain  tanker/ 
receiver  combinations  the  'toboggan'  is  the  only  practicable  way  of  achieving  a 
refuelling. 

24  RECEIVER  CLEARANCES  BY  'REAP  AvS03S*  With  the  proliferation  of  tankers  and 
receivers  it  might  be  asked  it  it  is  strictly  necessary  to  re-test  each  receiver 
behind  a  new  tanker,  if  it  already  has  a  clearance  from  another  tanker  type.  'Read 
across'  clearances  have  already  been  given  to  a  limited  extent,  because  on  certain 
fast  jet  receivers  the  trials  were  made  on  one  mark  of  aircraft  and  the  results  reed 
across  to  other  marks.  It  is  proposed  to  extend  this  philosphy  for  the  clearances  of 
certain  fast  jet  aircraft  behind  the  VC  10  K3  tanker  which  is  due  into  Service  later 
this  year.  The  VC  10  K3  is  a  'stretched'  version  of  the  K2,  with  a  slightly  different 
wing  planform  and  engine  alignment.  It  is  intended  to  teBt  only  three  fast  jet 
aircraft,  including  the  type  whose  handling  was  found  to  be  most  critical  with  the  K2 
tanker.  If  the  results  on  these  three  show  similarity  of  behaviour  behind  the  two 
tankers  then  it  is  likely  that  'road  across'  clearances  will  be  recommended  for  other 
fast  jets  to  refuel  from  the  K3.  At  present  there  appear  to  be  detailed  reasons  why 
each  of  the  large  receivers  will  have  to  be  re-tested  behind  the  K3,  but  it  is  hoped 
that  the  extent  of  the  test  programme  for  each  type  can  be  considerably  reduced. 

25  When  an  aircraft  is  converted  to  the  AAR  receiver  role  a  number  of  structural  and 
'lifeing'  issues  should  be  considered  particularly  so  ir.  the  case  of  large  aircraft. 
For  instance: 

a  Does  the  general  level  of  buffeting  felt  in  the  aircraft  imply  a  reduction 
in  fatigue  life  of  components,  particularly  in  the  tail  area? 

b  Does  the  oscillatory  pitching  motion  exemplified  in  Figures  4  and  5  lead  to 
excessive  fatigue  consumption? 

(  c  Could  changes  in  spanwise  lift  distribution,  from  that  associated  with 
flying  in  clear  air,  lead  to  accelerated  wing  fatigue? 

d  The  pattern  of  engine  i  'er  usage  may  he  very  different  from  that  used  in 
the  original  role  of  the  aircraft.  ,  Frequent  variations  iu  engine  power  will 
occur  when  the  engine  is  already  running  at  a  high  average  power  setting  as  the 
pilot  tries  to  hold  station  with  the  tanker.  Figure  3  shows  the  pattern  of 
engine  power  demanded  during  a  typical  refuelling  manoeuvre.  Mention  of  engine 
surges  has  already  been  made,  but  even  if  the  obvious  engine  distress  associated 
with  an  audible  surge  is  not  apparent,  can  the  sort  of  incidence  fluctuations 
shown  in  Figures  4  and  5  induce  high  compressor  stress? 

One  thing  is  certain;  most  of  the  aircraft  now  used  in  the  receiver  role  are  likely  to 
continue  in  Service  for  many  years  and  specialist  attention  should  be  addressed  to  the 
long  term  airworthiness  issues  mentioned  above. 


of  flying  an  operational  aircraft  for  th  type  of  training,  the  fatigue  damage 
itcirred  may  be  considerable.  With  the  RAF's  commitment  to  AAR  for  a  major  part  of 
iv^  fixed  wing  fleet  it  night  prove  economical  to  introduce  AAR  into  the  training 
syllabus  at  an  earlier  stage.  For  instance  a  modification  to  fit  dummy  prohe3  (ie  not 
plumbed  into  the  f re ’  s/scem)  on  to  some  of  the  hawk  fiteet  would  allow  training 
contacts  to  be  made  and  the  basic  .competence  in  the  manoeuvre  to  be  acquired.  The 
cost  of  conversion  »nd  continuation  training  on  some  of  the  operational  aircraft  might 
then  be  reduced  significantly  by  using  a  moving  base  simulator,  able  to  reproduce 
realistic  handling  characteristics,  motion  ar.d  vi9ua’  cues.  Desrite  the  high  initial 
cost  of  such  a  facility  the  overall  saving  throughout  the  service  life  of  the  tanker 
fleet  might  be  considerable . 
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SUMMARY 

Aircraft  dead-reckoning  navigation  systems  present  particular  problems  «.n  their 
assessment,  and  diagnosis  in  development  where  a  continuous  measurement  of  their  error 
pattern  is  required.  The  inherent  accuracy  of  modern  inertial  and  Doppler  equipment  is 
such  that  there  are  few  direct  methods  of  measuring  the  system  errors  to  the  required 
precision. 

The  need  for  long  range,  long  duration  flights  over  both  land  and  sea  with  a  con¬ 
tinuous  high  accuracy  reference,  gets  led, to  -fche- development-  by -RAS  off  an  integrated  navi¬ 
gation  system  in  which  the  outputs  of  a  number  of  inertial  navigat ion  •  systems  are 
recorded  in  parallel  with  those  of  Doppler  radar,  DML,  Decca,  Loran  C  and  Omega.  The 
recorded  data  is  processed  post-flight  in  a  Kalmau  filter  which  is  used  to  estimate  the 
inertial  system  errors.  The  final  reference  is  formed  by  compensating  the  inertial  out¬ 
puts  for  these  errors  and  has  the  properties  of  high  accuracy,  low  noise,  and  continuous 
availability. 

Although  simple  in  concept, the  implementation  of  such  a  scheme  is  complex. 

The  major  problem  lies  in  constructing  suitable  mathematical  models  of  the  various 
equipments,  and  the  technique  of  pre-processing  is  described.  'The  second  difficult  area 
is  that  of  obtaining  the  statistical  information  regarding  the  performance  of  the 
equipments  in  a  form  suitable  for  inclusion  in  the  models. 

Although  the  reference  is  produced  off-line  the  techniques  can  be  implemented 
on-line. 


.1  INTRODUCTION 

1 . 1  History 

Work  on  reference  systems  for  evaluating  navigation  equipment  for  aircraft  started 
at  RAE  Farnborough  at  least  as  early  as  the  mid-1950s.  At  that  time  the  Inertial 
Navigator  (IN)  for  a  guided  bomb  was  being  developed  and  the  navigation  of  the  aircraft 
to  the  target  used  a  combination  of  the  weapon  IN,  Doppler  radar  and  position  fixing. 

An  output  of  the  navigation  process  was  a  calibiatiqn  of  the  weapon  IN. 

Development  of  this  sytem  included  flight  trials  in  RAE  and  A&AEE  aircraft  using 
the  Decca  Navigator  chains  in  Southern  England  for  position  reference.  The  same  method 
was  used  in  the  development  of  the  IN  intended  for  the  TSR2  which  took  place  in  1960/63. 
On  these  trials  an  early  airborne  digital  computer  on  board  the.  trials  aircraft  enaoled 
Decca,  Doppler  and  the  IN  information  to  be  recorded  and  processed  in  flight  in  a  form 
suitable  for  post  flight  analysis  using  a  ground  digital  computer.  This  technique 
formed  the  basis  for  producing  the  reference  navigation  system  which  has  been  used  for 
all  our  subsequent  trials.  The  production  of  a  position,  velocity  and  attitude 
reference  system  for  trials  of  inertial  and  other  navigation  systems  has  formed  a  major 
objective  , for  RAE  work  on  integrated  navigation  since  that  time. 

Throi gh  the  late  1960s  and  the  1970s  UK  IN  systems  for  Harrier,  Phantom,  Tornado 
and  Jaguar  were  developed,  with  RAE  playing  a  major  role  in  the  trials  of  development 
systems,  diagnosis  of  error  sources  and  the  accuracy  assessment  for  operational  use.  As 
time  progressed  the  equipr.entu  grew  more  and  more  accurate  and  it  became  increasingly 
difficult  to  provide  referei.  :a  data  of  greater  accuracy  than  the  systems  under  test. 

This  has  led  to  more  and  mors  sophisticated  techniques  being  used,  and  the  addition  of 
other  navigation  aids,  such  >,s  DME,  Loran  and  Omega,. into  the  mix. 

The  most  stringent  accuracy  requirements  came  with  the  development  of  IN  systems 
for  merit  ime.  patrol  aircraft  in  t,he  late  197,0s.  Here  it  was  necessary  to  know  the  posi¬ 
tion  of  the  trials  aircraft  to  a  few  tens  of  yards,  at  any  time  in  a  sortie  of  several 
hours  duration,  and  at  any  place  -  including  low  level,  over  the  sea,  several  hundred 
.  miles  from  the  coast.  This  was  needed  in  order  to  investigate  the  subtle  effects  of  . 
flight  manoeuvres  on  the  accuracy  of  the  IN  systems  under  operational  conditions. 

1 . 2  Early  developments  of  the  reference  system 

As  mentioned  above,  the  early  trials  of  IN  used  the  Decca  Navigator  as  a  position 
reference.  When  the  systems  under  development  had  accuracies  of  five  to  ten  miles  per 
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twice  per  minute  along  with  the  readings  of  the  Deccometers .  Alter  flight  the  Dacca 
readings  were  processed  to  give  the  Decca  version  of  aircraft  position,  also  in  latitude 
and  longitude,  and  the  two  versions  compared. 

A  plot  of  latitude  and  longitude  differences  as  a  function  of  latitude  and  longi¬ 
tude  enabled  the  main  errors  in  the  Doppler  system  to  be  determined,  viz  the  heading 
error,  bias  and  drift  error,  and  scale  factor  error.  The  effects  of  these  errors  could 
then  be  calculated  for  each  recorded  time,  and  the  Doppler  position  corrected.  The 
resulting  position  had  low  noise  (due  to  the  integration  process  used  on  Doppler  vel¬ 
ocity  information)  and  the  long  term  accuracy  of  the  Decca. 

This  technique  proved  adequate  when  flight,  trials  could  be  based  on  simple  pro¬ 
files,  mostly  straight  legs  along  the  Decca  bisectors.  However  in  1964  a  new  generation 
of  IN  arrived.  The  accuracy  of  these  systems  approached  one  nautical  mile  per  hour, 
and  the  intended  operation  meant  that  flights  of  longer  duration  and  range  had  to  be 
flown.  Decca  was  no  longer  suitable  as  the  sole  position  level  data  source  as  the 
aircraft  had  to  be  operated  in  regions  outside  the  Decca  cover.  For  operational  reasons 
the  optimum  trials  route  was  from  Boscombe  Down  via  Shannon  to  Argentia  in  Newfoundland. 
Loran  C  was  used  as  the  position  reference  over  the  North  Atlantic  with  Decca  at  each 
end  of  the  route.  The  IN  itself  provided  the  most  accurate  heading  information,  so  this 
was  used  for  the  Doppler/heading  based  position  calculations. 

Data  processing  was  done  in  stages.  In  flight  the  Doppler/heading  system  gave  one 
version  of  position,  the  Decca  and/or  Loran  C  a  second  version,  and  the  IN'  itself  a 
third  version.  All  the  data  was  recorded  twice  per  minute  on  punched  paper  tape.  Post' 
flight  this  was  processed  to  provide  plots  of  the  differences  in  latitude  and  longitude 
between  the  various  systems  as  functions  of  time,  and  these  plots  were  smoothed  by  curve 
fitting  using  a  least  squares  method. 

the  IN  error  plot  was  often  used  to  correct  the  position  data  obtained  from 
Doppler  and  the  radio  aids.  For  example  it  was  found  that  Loran  C  had  a  systematic 
error  which  was  a  function  of  position  and  grew  to  significant' levels  near  Newfoundland. 
This  was  detected  by  the  IN  error  plot  having  a  form  unlike  typical  IN  errors,  and  being 
consistent  from  flight  to  flight.  This  form  of  error  could  be  allowed  for  and  was 
incorporated  into  the  analysis  on  subsequent  stages  of  data  processing  to  produce  the 
aircraft  datum  position.  ■  , 

1 . 1  The  modern  system 

In  the  1970s  IN  equipment  had  developed  to  the  stage  where  current  datura  methods 
were  no  longer  accurate  enough.  '  The  only  radio  aid  with  sufficient  accuracy  for  our 
purposes  was  DME,  used  in  a  range/range  mode.  However  DUE  is  a  relatively  short  range 
aid  and  it  was  necessary  to  modify  trials  routes  to  give  sufficient  cover.  One  or  two 
exercises  were  carried  out  in  the  USA  in  order  to  obtain  sufficiently  long  flight  paths 
for  trials  purposes.  At  this  time  the  aircraft  were  fitted  with  commercial  IN  which 
were  incorporated  into  the  datum  system,  and  enabled  a  reference  to  be  obtained  during 
the  periods  of  flight  when  radio  data  was  not  available.  This  was  done  by  mathemat¬ 
ically  modelling  the  IN  errors  and  correcting  for  them  using  the  information  from  the 
periods  when  external  data  was  available. 

As  may  be  appreciated  the  process  of  obtaining  reference  positions  for  any  par¬ 
ticular  flight  was  long  winded  arid  very  labour  intensive,  since  vast  Mounts  of  com-  . 
putation  was  needed,  with  human  interpretation  of  the  results  at  most  stages.  In  order 
to  automate  the  process  Kalman  filter  techniques  were  developed.  This  involved 
designing  accurate  mathematical  models  of  all  the  navigation  systems  employed  in  the 
reference  system,  and  devising  means  whereby  faulty  data  could'  be  eliminated  before  the 
results  were  applied  to  the  filter. 

.These  techniques  have  been  developed  over  the  past  five  years  or  so  and  hav6  found 
application  in  the  most  recent  wdrk,  that  associated  with  the  development  and  assessment 
of  an  IN  system  for  maritime  patrol  aircraft  applications. 

2  KALMAN  FILTERING 

The  term  Kalman  filtering  is  used  somewhat  loosely  in  this  paper  and  is  intended 
to  cover  techniques  descended  from  the  original  work  by  Kalman  rather  than  a  direct 
implementation  of  his  original  ideas. 

2 . 1  Advantages  of  Kalman  filtering 


The  Kalman  filter  algorithms  are  very  suitable  for  any  application  where  data  has 
to  be  processed  and  results  provided  in  real  time,  because  the  incoming  data  is  used 
sequentially  and  then  discarded.  The  results  present  in  the  Kalman  filter  at  any  time 
reflect  the  nett  total  of  all  information  received  to  date.  Thus  the  'best*  answer  is 
continuously  available  and  there  is  no  requirement  for  the  storage  of  input  data  from 
earlier  times. 
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A  further  consequence  of  the  form  .of  the  Kalman  filter  algorithm  is  that  data  from' 
various  sensors  can  be  accepted  intermittently  and  yet  still  be  used  in  an  optimal  way. 
For  example,  the  Doppler  ground  speed  data  could  be  used  asynchronously  from  the  drift 
angle  values,  and  the  DME  fixes  taken  at  yet  other  times. 

The  data  from  individual  sensors  are,  to  a  large  extent,  processed  independently 
of  each  other,  and  so  it  is  relatively  easy  to  change  the  manner  in  which  the  inputs 
from  one  sensor  are  treated  without  affecting  the  processing  of  data  from  other  sensors. 

As  with  all  good. things  there  is  a  price  to  be  paid,  and • in  the  Kalman  filter  this 
is  manifest  in  the  requirement  for  a  detailed  knowledge  of  the  characteristics  of  the 
individual  sensors. 

2.2  Assumptions 

The  basic  principles  of  the  Kalman  filter  are  based  on  a  number  of  assumptions: 

(1)  The  process  to  be  modelled  in  the  Kalman  filter  can  be  adequately  represented  by 
the  values  of  a  set  of  coefficients. 

(2)  The  values  of  the  coefficients  at  a  future  time  can  be  predicted. from  their  values 
at  an  earlier  time  and  a  knowledge  of  the  dynamics  of  the  process.  These  dynamics 
have  to  be  reduced  to  a  set  of  linear  differential  equations. 

(3)  The  statistical  properties  of  these  coefficients  are  known. 

(4)  It  is  possible  to  measure  the  value  of  some  combination  of  the  coefficients. 

(5)  The  uncertainty  of  the  measurement  quantities  are  known. 

The  Kalman  filter  algorithms  then  provide  a  sequential  recursive  procedure  for 
determining  values  for  the  coefficients  that  are  statistically  optimum  in  the  sense  that 
they  have  minimum  probable  error. 

2 . 3  Kalman  filter  procedure  ,  . 

The  steps  in  the  Kalman  filter  procedure  are  as  fellows: 

(1)  Assuming  a  set  of  values  for  the  coefficients  or  state  elements  of  the  system  at 
some  time  t  ,  the  values  of  the  state  at  some  future  time  t  +  dt  are  predicted. 

(2)  Using  the  known  statistical  properties  of  the  state  elements,  their ‘ uncertainties 
at  time  t  +  dt  are  also  predicted. 

(3)  The  value  and  probable  error  of  some  measurable  combination  of  the  3tate  elements 
is  then  also  predicted. 

(4)  An  observation  ,  is  made  of  this  measurement  quantity,  with  the  observation  having  a 
k.nown  uncertainty.  The  difference  between  the  predicted  and  observed  values  of 
the  measurement  quantity  is  used  to  adjust  the  values  of  the  state  elements.  The 
Kalman  filter  equations  yield  optimum  weighting  factors  that  are  used  to  distrib¬ 
ute  the  difference  between  the  various  state  elements! 

(5)  The  estimate  of  the  uncertainties  is  also  adjusted  to  take  account  of  the  fact 
that  extra  information  has  also  been  added  to  the  estimates  of  the  elements,  thus 
reducing  their  uncertainty.  . 

In  the  case  of  the  Navigation  Reference  System  the  generalised  form .of  the  Kalman 
filter  takes  the  form  of  the  block  diagram  shown  in  Fig  1.  The  state  elements  are  the 
set  of  error  sources  sufficient  to  characterise  the. errors  in  the  outputs  of  the  various 
navigation  sensors  being,  used.  The  prediction  process  is  carried  "out  by  mechanising  a 
set  of  linear  differential  equations,  with  time  varying  coefficients,  that  describe  the 
behaviour  of  the  error  sources  in  the  absence  of  external  disturbances. 

2.4  Prerequi3ities  of  the  filter 

There  are  two  aspects  of  a  navigation  system's  behaviour  that  it  is  vital  to 
understand  before  the  system  can  be  successfully  incorporated  into  the  Kalman  filter. 

The  dynamics  of  the  error  propagation  must  be  modelled,  as  a  set  of  linear  differential 
equations,  with  sufficient  precision  to  enable  the  predicted  error  values  to  be  calcu¬ 
lated  with  acceptable  accuracy.  In  addition  the  statistics  of  the  system  errors  have  to 
be  known,  together  with  the  statistics  of  any  approximations  that  have  been  made  in  the 
dynamic  model.  It  is  often  a  major  task  to  obtain  the  information  needed  to  formulate 
these  models,  particularly  the  statistical  ones.  It  can  involve  analytical  studies,  and 
detailed  analysis  of  flight  trials  results.  Often  special  flights  have  to  be  conducted 
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The  RAE  system  has  been  built  around  the  data  from  an  IN  which  provides  the  basic 
outputs  of  position,  velocity,  attitude  and  heading.  The  Kalman  filter  is  used  to  esti¬ 
mate  the  errors  in  the  IN  data  by  comparing  it  with  the  outputs  of  a  number  of  other 
navigation  systems.  The  various  sensors  are  modelled  in  terms  of  their  errors  in  order 
to  simplify  the  prediction  process  and  reduce  the  computational  load. 

Because  of  the  fundamental  importance  of  the  deterministic  and  statistical  error 
models,  these  have  always  been  derived  from.  Or  verified  against,  flight  trials  data. 

In  practice  the  error  sources  included  as  state  elements  do  not  fully  describe  the 
behaviour  of  a  given  system  because  of  practical  limitations  on  the  number  of  state 
elements  and  a  lack  of  knowledge  of  the  precise  details  of  the  error  dynamics.  An 
attempt  is  made  to  compensate  for  this  by  extensive  modelling  of  the  uncertainties  in 
the  prediction  and  measurement  processes. 

It  has  been  found  that  the  processing  of  the  data  from  individual  sensors  can1  best 
be  split  into  two  stages,  with,  a  stage  of  data  conditioning  or  preprocessing  being 
applied  before  the  data  is  fed  to  the  main  Kalman  filter. 

3.1  Preprocessing 

The  preprocessing  of  data  from  individual  sensors  serves  to  reduce  the  total  com¬ 
puting  task  and  simplifies  the  software  design.  Three  main  functions  are  undertaken: 

(1)  The  incoming  sensor  data  is  checked  for  consistency  and  reasonableness.  Much  of 
this  function  is  easier  to  perform  in  the  preprocessing  because  data  can  be  taken 
at  a  much  higher  rate  than  would  be  possible  in  the  Kalman  filter,  although  the 
cross  checking  of  data  between  systems  is  best  left' until  the  filter. 

(2)  The  outputs  of  individual  sensors  are  corrected  for  predictable  errors,  given  the 
knowledge  of  the  aircraft  trajectory  from  the  Kalman  filter  output  and  inputs  from 
the  operator  concerning  the  conduct  of  the  flight  and  other  environmental  data. 
Examples  of  these  corrections  would  be  lag  compensation  of  outputs  of  sensors  with 
a  low  frequency  response,  and  compensation  of  Doppler  ground  speed  and  drift  angle 
for  the  errors  produced  when  flying  over  water. 

(3)  The  outputs  c*  some  sensors  can  be  averaged  to  provide  inputs  to  the  filter  that 
can  be'  represented  by  a  reduced  set  of  state  elements.  For  example  the  multiple 
range  position  lines  available  from  each  Omega  ground  station  can  be  reduced  to  a 
single  range  value.  The  error  statistics  used  in  the  uncertainty  prediction  and 
measurement  processes  are  often  computed  as  a  function  of  the  flight  ptofile,  or 
of  some  secondary  output  from  the  sensor  such  as  signal  to  noise  ratio. 

3 . 2  Features  of  the  filter 

The  use  of  preprocessing  techniques  makes  it  possible  to  use  a  relatively  simple 
set  of  error  sources  for  the  Kalman  filter  state  vector  with  considerable  benefits  in 
terms  of  reduced  computation.  The  prediction  and  measurement  processes  are  mechanised 
in  terms  of  errors  and  are  linearised  with  respect  to  the  aircraft  trajectory  as  defined 
by  the  output  of  the  integrated  navigation  system.  The  Kalman  filter  makes  optimum  use 
of  the  fixes  from  any  combination  of  sensors  and  data  rates,  and  there  are  further 
checks  on  the  consistency  of  the  input  data  before  a  measurement  is  used  to  update  the 
filter's  estimate  of  the  individual  system  errors.  This  is  most  important  because  the 
filter  has  a  long  memory  and  can  be  upset  for  a  long  period  by  the  inclusion  of  incon¬ 
sistent  measurements. 

A  mechanisation  of  the  Kal'.ian  filter  equations  has'  been  used  that  has  been  shown 
to  have  very  good  numerical  stability,  and  this  has  meant  that  few  problems  have  been 
experienced  in  this  area  where  considerable  difficulties  have  been  experienced  in  some 
other  applications.  '• 

The  general  form  of  the  integrated  navigation  system  is  shown  in  Fig  2,  with  the 
Kalman  filter  box  containing  the  elements  shown  in  Fig  1. 

4  REFERENCE  DATA 

Reference  data  is  required  for  two  basic  types  of  trial,  which  have  rather  dif¬ 
ferent  requirements.,  Assessment  trials  require  the  best  absolute  accuracy  from  the 
reference  data,  while  error  source  identification  requires  the  data  to  be  free  froih 
errors  of  a  similar  form  to  those  of  the  system  under  test.  Because  the  errors  of  a 
navigation  system  are  frequently  dependent  upon  the  flignt  profile,  a  wide  variety  of 
routes  have  to  be  flown.  This  produces  a  requirement  for  a  reference  system  with  very 
broad  capabilities.  ,  • 

Full  three  dimensional  reference  data  at  position,  velocity,  and  orientation  level 
(nine  parameters  in  all)  is  needed  so  that  the  behaviour  of  any  of  the  test  system's 
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The  approach  to  obtaining  the  required  reference  data  has  been  based  upon  using 
multiple  IN  to  provide  the  basic  nine  parameters.  The  data  from  IN  has  very  low  noise 
and  a  good  frequency  response,  it  is  however  subject  to  a  build  up  of  errors  with  time 
and  manoeuvre.  These  errors  can  be  corrected  by  mixing' the  inertial  data  with  fixes 
from  radio  navigation  aids  having  good  long-term  accuracy.  The  aids  used  for  position 
fixes  are  Dacca,  DHE ,  Loran  C,  Omega,  and  ground  based  tracking  radar;  while  velocity 
fixes  are  obtained  from  a  Doppler  radar  velocity  sensor. 

4 . 1  Inertial  Navigator 

Examples  of  the  position  and  velocity  errors  of  an  IN  are  shown  in  Figs  3  and  4. 
The  main  features  of  interest  are  the  characteristic  periods  of  oscillation  whose  ampli¬ 
tude  and  phase  change  only  slowly  with  time  and  aircraft  manoeuvres.  The  observed 
errors  are  due  to  a  multitude  of  sources  within  the  IN,  some  of  which  are  substantially 
constant  over, a  number  of  flights  and  others  of  which  change  from  flight  to  flight  or 
even  during  the  course  of  one  flight.  The  preprocessing  can  be  used  to  correct  for  the 
result  of  any  error  sources  that  are  identified  as  being  constant  over  a  number  of 
flights,  and  the  filter  is  used  to  estimate  the  errors  that  change.  The  Kalman  filter' 
uses  10  state  elements  to  characterise  the  IN. 


The  preprocessing  scheme  contains  a  very  comprehensive  model  for  predicting  the 
statistics  of  the  IN  error  states  as  a  function  of  the  aircraft  trajectory  and  uses  some 
28  statistical  error  coefficients.  These  statistical  coefficients  allow  for  the  changes 
in  the  values  of  the  error  states  due  to  causes  such  as  acceleration  dependent  gyro 
drifts,  scale  factor  errors,  and  component  misalignments. 


Fig  5  shows  a  typical  set  of  errors  in  DME  .range  data.  The  most  significant 
features  of  these  errors  are: 

(1)  The  noisy  nature  of  the  fixes,  compared  with  the  smooth  position  data  that  is 
obtained  from  the  IN. 


(2)  For  the  data  front  any  one  beacon,  apart  from  the  noise,  the  errors  are  of  the  fbrm 

of  a  slowly  changing  bias. 

(3)  The  bias  can  change  significantly  from  one  beacon  to  another. 

DME  errors  are  modelled  in  the  Kalman  filter  as  a  bias  on  the  DME  range  readings, 
with  the  process  statistics  set  to  acknowledge  that  the  bias  can  change  slowly  with 
time.  The  DME  data  is  used  in  the. filter  by  forming  as  a  measurement  quantity  the  dif¬ 
ference  between  the  observed  DME  rrnge  and  the  eauivalent  quantity  predicted  from  the  IN 
position  corrected  by  the  Kalman  filter's  estimate  of  the  IN  position  errors. 

In  order  to  minimise  the  number  of  errors  being  estimated  by  the  filter,  only  one  ' 
DME  range  bias  is  modelled  for  each  DME  receiver.  When  the  receiver  is  tuned  to  a  new 
beacon  the  bias  estimate  and  its  uncertainty  are  reset.  ,  The  values  of  bias  and  uncer¬ 
tainty  for  the  old  beacon  are  preserved,  so  that  if  that  beacon  should1  be  retuned  later 
in  the  flight,  the  filter  estimates  can  be  reset  incorporating  the  information  gained 
earlier  in  the  flight. 

There  is  little  true  preprocessing  done  on  thd  DME  range  data,  other  than  to  check 
its  validity.  If  a  particular  beacon  is  found  to  give  a  consistent  bias  over  a  number 
of  flights,  then  this  bias  is  .removed  before  the  data  is  fed  to  the  Kalman  filter.  The 
DME  data  is  ignored  when  the  aircraft  is  very  close  to,  or  very  distant  from  a  beacon, 
because  the  assumptions  of  a  slowly  changing  bias  error  tend  net  to  be  valid  under  these 
conditions. 


A  rather  special  case  of  preprocessing  arises  with  the  ti 
data  for  the  i)ME  beacons,  and  also  for  the  ground  stations  of  I 
.aids.  In  order  to  fully  realise  the  potential  accuracy  of  the 
system  it  is  necessary  to  ensure  that  all  position  data  used  is 
geodetic  datura.  Frequently,  the  latitude  and  longitudes  of  nai 
quoted  with  respect  to  the  geodetic  datum  of  the  country  in  wh: 
sited.  For  any  particular  flight,  a  single  datum  has  to  be  sel 
data  is  transformed  to  be  with  respect  to  the  one  datum. 

4 . 3  Decca  and  Loran  C 
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It  may  seem  surprising,  but  there  are  many  similarities  between  the  significant 
characteristics  of  DME  and  those  of  Decca  and  Loran  . C,  if  the  data' from  the' latter  two 
aids  is  considered  in  terms  of  their  hyperbolic  position  linesj  rather  than  as  a 


tne  DME  data.  The  Decca  position  line  data  is  handled  in  the  fi  ter  i:i  an  exactly  ana¬ 
logous  way  to  that  used  for  the  DME  data,  except  that  the  readings  are  ignored,  wher  the 
aircraft  is  very  close  to  either  master  or  slave  station,  and  the  distant  data  is- 
rejected  on  the  basis  of  the  width  of  the  Decca  zones. 

Errors  from  a  Loran  C  position  line  are  similar  to  those  of  Decca.  ffoseve-r  the 
data  has  a  new  feature  compared  with  the  other  radio  aids,  in  the  discontinuities  asso¬ 
ciated  with  the  10  microsecond  jumps  In  the  output  of  the  Loran  receiver..  The  10,  ricro- 
second  jumps  can  be  detected  by  .comparing  the  observed  Loran  reading  with  the  equivalent 
values  predicted  from  the  corrected  IN  positions,  and  then  corrected  before  the  data,  is 
passed  to  the  filter.  Loran  C  errors  are  modelled  as  a  bias  that  ch v  .e«r  only  verv 
slowly.  Their  uncertainty  is  a  function  of  whether  ground  or  sky  wav:  ■'&  being 

tracked,  and  of  the  number  of  10  microsecond  corrections  being  applied. 

4 . 4  Tracking  radar 

The  use  of  data  from  ground  based  tracking  radar  presents  a  rather  different  set 
of  problems  compared  with  the  other  fixing  aids.  This  is  because  the  fixes  are  much 
more  accurate,  and  so  the  estimation  of  their  biases  is  less  significant. 

However,  because  these  fixes  are  given  such  a  high  weighting  in  the  filter,  it  is 
most  important  to  ensure  that  the  probable  error  of  the  measurement  quantities  are  esti¬ 
mated  correctly.  This  is  the  main  task  of  the  preprocessing  of  the  radar  data.  The 
fixes  are  used  in  terms  of  the  range  and  bearing  from  the  radar,  and  a  number  of  factors 
are  used  in  predicting  their  probable  errors: 

(1)  The  elevation  of  the  radar  beam  is  .important  because  it  is  very  often  close  to 
grazing  incidence  with  the  surface  of  the  earth. 

(2)  The  actual  bearing  can  also  be  significant  because  of  the  varying  terrain 
surrounding  the  radar  hlead. 

(3)  The  magnitude  of  range  is  significant  if  the  aircraft  is  not  fitted  with  a 
transponder. 

(4)  The  accuracies  are  such  that  the  quantising  o.”  digital  data  and  the  timing  delays 
associated  with  the  ground  and  airborne  recordina  systems. can  introduce  signifi¬ 
cant  uncertainties  that  are  a  function  of  the  relative  positions  and  velocities 
of  the  aircraft  and  radar. 

4.5  Doppler  radar 

At  first  sight  the  errors  of  Doppler,  when  operating  over  the  sea,  seem  very 
large.  This  is  illustrated  in  Fig  7.  There  are  large  fluctuations  in  error  between 
successive  data  points,  coupled  with  large  biases  that  alter  with  changes  in  aircraft 
position  and  heading.  The  errors  can  be  largely,  corrected  using  a  number  of  stages  of 
preprocessing  to  correct  for  deterministic  error  sources.  These  error  sources  are: 

(1)  Lags  in  the  Doppler  information  due  to  its  .  ^chanisation  which  appear  as  errors  in 
ground  speed  and  drift  angle  when  the  aircraft  is  manoeuvring. 

(2)  Errors  due  to  distortion  of  the  Doppler  spectrum  when  flying  over  water. 

(3)  The  effect  of  the  motion  of  the  sea  surface. 

The  IN  gives  a  very  good  measure  of  the  aircraft  manoeuvres  and  this  information 
can  be  used  to  correct  for  lag  induced  errors. 

Motion  of  the  sew  surface  can  be  predicted  from'  knowledge  of  surface  wind.  When 
the  aircraft  is  flying  at  low  altitude,  say  below  2000  feet,  the  velocity  from  the 
integrated  system  can  be  used  fo  measure  the  wind  at  the  airciaft  and  this  vector  can  be 
reduced  to  sea  level  to  give  the  surface  wind  that  'an  be  used  in  the  correction 
algorithms.  The  accuracy  of  the  corrections  vary  with  the  conditions  of  surface  wind 
and  aircraft  manoeuvre  and  the  knowledge  of  these  conditions  can  be  used  to  calculate 
the  uncertainty  of  the  Doppler  ground  speed  and  drift  angle  data-at  each  time. 

Fig  8  gives  an  example  of  the  reduction  in  Doppler  errors  produced  by  the 
preprocessing. 

The  residual  Doppler  errors  are  represented  by  four  error  sources  in  the  Kalman 
filter,  viz  Doppler  scale  factor,  drift  angle  bias,  and  residual  sea  motion  errors  north 
and  east.  The  changing  uncertainties  of  these  four  error  sources  are  modelled  by  the’ 
terms  calculated  in  the  preprocessing.  The  Doppler  data  is  introduced  into  the  Kalman 
filter  via  two  measurement  quantities  formed  as  the  difference  between  the  filter  and 
the  Doppler's  indications  of  ground  speed  and  drift  angle. 


a  »  iumi 


dnc  ipngmuae  oeriveu  icom  a  cciRuinai.  ion  ul  uata  u^-x 
number  c:  position  lines  with  respect,  to  the  individual  ground  stations. 

'  Typical  examples  c£  the  errors  in  the  latitude  ana  longits.de  data  trot,  Omega  are 
shown  in  fig  9.  The  most  significant  error  characteristics  are  the  snort  term 
variations  coupled  'with  quite  long  period,  changes  which  have  a  . small  .mean  value.  Over  a 
long  period,  these  characterise ics  are  complementary  'to  the  errors  of  an  IS,  except  tr  ot 
doth  systems  have  errors  with  oscillatory  periods  of  about  24  hours. 

The  errors  of  either  type  cf  Omega  output  are  modelled  in  the  filter  as  a  slowly 
charging  bias.  The,  choice  between  outputs  is  a  difficult  trade-off  between  accuracy, 
redundancy,  ana  computing  lead.  The  latitude' and  longitude  outputs  require  the  smaller 

computing  power  because  only  two  error  states  are  needed,  but  it  is  hard  to  predict  the 

probable  rate  of  change  of  bias  because  the  positions  are  derived  from,  an  ever  changing 
combination  of  individual  position  lines.  At  the  other  extreme,  the  individual  position 
lines  -  up  to  ?5  of  them  -  much  more  closely  meet  the  assumptions  implicit  in  the  error 

model,  but  would  impose  a  heavy  computing  burden. 

Two  methods  of  using  Omega/VLF  data  have  been  examined:  firstly,  the  use  of  the 
latitude  and  longitude  outputs  m  a  straightforward. manner;  secondly,  the  use  of  posi¬ 
tion  line  data  with  preprocessing  to  combine  a  number  of  tin  .-s  and  to  calculate  their 
likely  uncertainties. 

This  latter  preprocessing  is  another  interesting  example  of  how  the  technique  can 
be  used  to  reduce  the  size  of  the  filter.  The  data  from  each  ground  station  is 
available  as  a  reading  cf  the  range  between  the  aircraft  <s  id  station  measured  on  each  of 
the  transmitted  frequencies.  Since  each  of  these  multiple  range  measurements  is  made 
along  a  very  similar  propagation  path,-  it  is  reasonable  to  form  a  single  average  range 
measurement  to  each  ground  station.  The  uncertainty  of  the  average  range  may  be  calcu¬ 
lated  from  a  number  of  factors:  the  observed  signal  to  noise  ratio  gives  an  indication 
of  the  gual.ty  of  the  individual  range  measurements;  the  aircraft  position  plus  time 
and  date  enables  the  form  of  the  propagation  path  to'  be  determined,  and  from  this  the 
unce rt a l nt /  in  the  propagation  corrections  may  be  calculated. 

5  .  OFF-LISF  PROCESSING 

All  of  the  features  discusser}  so  far  are  appropriate  to  an  integrated  navigation 
system  that  is  required  to  produce  its  results  in  real  time.  The  creation  of  reference 
data  for  flight  trials  is 'a  special  case  in  that  the  maximum  accuracy  is  not  required 
until  after  the  flight:  Under  these  conditions  another  convenient  feature  of  the  Kalman 
filter  algorithms  can  be  used  to  enhance  the  accuracy  of  the  final  results.  Because  the 
propagation  equations  are  linear,  the  filter  can  easily  be  made  to  run  backwards  w>th 
respect  to, time  to  produce  a  new  set  of  estimates  of  the  IS's  errors.  Thus  at  any  time 
we  nave  estimates  of  the  IV  errors  based  on  all  the  information  available  before  that 
time  and  an  independent  estimate  derived  from  all  of  the  information  available  after 
that  time.  The  uncertainty  of  each  of  these  estimates  is  aiso  available.  Thus  the  two 
versions  can  he  merged  to  give  a  sing.e  best  estimate  based  on  all  of  the  available 
information.  This  technique  of  forward-backward  filtering  is  especially  beneficial  f<ir 
pieserving  accuracy  in  areas  with  poor  fixing  aid  coverage. 

5  REFERENCE  'jVSTF.1  ACCURACY 

.  The  reference  data  produced  by  the  process  described  above  has  all  of  the.  desired 
character l st l cs  stared  at  the  start,  and  its  overall  accuracy,  when  operating  without 
the  benefit  of  fixes  from  tracking  radar  may  be  summarised  as  follows: 

il)  Reference  position  accuracy  0,07  nautical  ai les  (130  m)  mu. 

(2)  Reference  velocity  'accuracy  0.3  knots  (0.15  m/s)  rms, 

(3)  Heading  accuracy  0.05  deg  rms. 

These  errors  were  measured  by  comparing  the  results  obtained  with  and  without  the' 
radar  fixes  being  included.  in  any  given  apea  the  accuracy  will- depend  upon  the 
coverage  available  from  the  fixing  aids  and  the  behaviour  of  the  IN  which  is  itself 
influenced  by'  the  manoeuvres,  being  performed. 

It  should  lie  noted  that  the  data  processing  techniques  employed  to  produce  the 
reference  system  provide  a  ready  means  for  examining  the  behaviour  of  every  navtgat  ion 
system  used  on  the  flight.  The  results  thus  obtained  »r«  used  to  continually  refine  and 
update  the  parameters  of  the  mo 1e 1 s  for  each  system,  and  the  Kalman  filter  mechan t sat l on 
provides  a  very  convenient  mechanism  whereby  this  new  knowledge  can  he  incorporated  for 
future  flights)  usually  by.  amendments  to  the  preprocess tnq  corrections  fir  to  the  calcu¬ 
lation  of  the  various  uncert a  1 nt les . 

7  LESSONS  (.EARNED 


The  lal.aan  filter  approach  really  does  work  and  its  use  is  justifted  by  Its  abil¬ 
ity  to  -and ,e  diverse  and  intermittent  data  and  the  ease  with  which  it  can  accommodate 


The  price  to  be  paid  is  in  the  detailed  k row ledge  required  at  true  characteristics 
of  the  individual  sensors.  This  Knowledge  has  led  to  a  more  interned  use  of  the  data 
from  tne  sensors  and  has  had  wider  application  than  just  the  integrate-!  systems,  in  that 
it  has  assisted  the  general  improvement  of  the  individual  sensors. 

If  integrated  navigation  techniques  are  to  be  applied  more  widely  there  is  a  need 
for  the  flight  trials  of  individual  equipments  to  produce  more  pertinent  data  as  a 
matter  of  course.  Too  often  it  has  been  found  that  past  trials  have  net  produced  infor¬ 
mation  m  a  form  appropriate  to  integrated  navigation  applications  and  it  has  been 
necessary  to  conduct  special  trials  to  gather  the  required  data.  It  is  highly  desirable 

that  future  equipment  trials  should  consider  the  possible  use  of  the  e»fu:ip*er.ts  in 

integrated  systems  and  attempt  to  gather  the  appropriate  basic  information. 
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SUMMARY 

Extensive  autopilot  system  performance  evaluations  have  been  conducted  at  Aeritalia  Flight 
Test  Centre  in  Caselle  on  TORNADO  Prdtotype  05  and  09. 

The  experience  made, though  objectives  were  only  marginally  inclusive  of  System  development, 
gave  the  opportunity  to  be  faced  with  a  set  of  problems  usually  affecting  earlier  prototype 
systems  assessment. 

'^Several  problems  affecting  equipments,  control  laws,  system  integration  (hardware  and 
software)  were  discovered  and  studied. 

The  activity  took  advantage  from  various  computing  and  simulation  facilities -i.e.  a  digital 
processor  to  analyse  data  from  fast  data  transmission  lines  and  4n  avionic  integration  rig 
with  real-time  closed-loop  simulation  capability. 

Lessons  learnt  are  herein-reported, with  enough  details  to  represent,  we  hope,  a  valuable 
reference  also  for  readers  not  familiar  with  the  projects  we  are  writing  about. 

New  facilities  tailored  to  cover  as  much  as  possible  of  weapon  system  testing  needs  are 
being  developed  to  cope  with  requirements  from  oncoming  projects  relying  upon  more  advanced 
technologies. 

Trends  for  next  trials  conduct  are  discussed  outlining  engineering  activities  and  ground 
facilities  needs  i.e.  simulation  and  system  rig,  reqqired  to  support  flight  testing  of 
prototype'  avionic  systems.  ✓  . 
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1.  INTRODUCTION 

Tornado  autopilot  test  flights  carried,  out  by  Aeritalia  were  confined  to  investigate  about 
performance  compliance  to  system  specification  requirements  when  operating  in  the  so-called 
"Basic  &  Cruise  Modes"  and  with  external  stores  complement  to  the  basic  aircraft  configura¬ 
tion  i.e.  only  stores  suspension  system'  fitted. 

That  Implied  flying  in  a  limited  number  of  external  store  configurations  having  potential 
to  clear  the  full  configurations  tree  Tornado  has  to  operate  with. 

A  joint  effort  cf  Flight  Test  and  System  Design  Engineering  has  been  necessary  to  overcome 
some  problems,  not  all  of  technical  nature,  we  had  to  struggle  with. 

Next  paragraphs  describe  problems,  solutions  found  and  what  we  are  doing  in  preparation  of 
a  new  weapon  system  development  i.e.  the  AM-X  tactical  fighter.  ' 

Before  going  through. all  that  some  words  need  to  be  spent  to  illustrate  the  systems  we  will 
discuss  about. 

Few  words  are  necessary  for  Tornado,  weight  of  papers  dealing  with  it  probably  being  in 
excess  of  aircraft  gross  weight.  Tornado  (Fig.  1)  has  a  variety  of  aerodynamical ly  different  •  -  • 

configurations  resulting  by  the  combination. of  wing  sweeps  and  external  stores  that  may  be 
fitted  to  underfuselage  and  underwing  attachment  points. 
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This,  in  addition  to  its  large  flight  envelope  and  significant  centre  of  gravity  excursions 
resulting  from  fuel  consumption  ar.d  weapons  release,  asks  for  suitable  response  of  the  au¬ 
topilot  system  which  may  be  operated  in  the  following  modes  during  cruise  flights  :  attitude 
/heading  acquisition,  track  acquisition,  baro-attitude  hold,  autothrottle. 


During  cruise  modes  operation  the  autopilot  is  interfaced  with  the  following  equipments  i.e. 

0  Command  and  Stability  Augmentation  System  (CSAS) 

0  Inertial  Navigator  (IN) 

0  Secondary  Attitude  and  Heading  Reference  (SAHR) 

1  .Air  Data  Computer  (ADC) 

0  Main  Computer  (MC)  •  * 

.  0  Horizontal  Situation  Indicator  (HSI)  ‘ 

0  Attitude  Director  Indicator  (ADI)  ■ 

°  Head-up  Display  (HUD) 

HUD  and  ADI  receive  AFDS  signals,  CSAS  receives/provides  signals  from/to  Autopilot;  all 
the  other  Systems  can  be  considered  as  Autopilot  data  sources  (Fig. 2). 


AFDS 

Control  Panel 


TORNADO  AUTOMATIC  FLIGHT  CONTROL  LOOP 

(basic  and  cruise  modes) 

AFDS  Autopilot  and  Flight  Director  System 
AFDC :  Autopilot  and  Flight  Director  Computer 
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Today’s  state-of-the-art  for  avionic  systems  design  emphasizes  the'  integration,  via.  time 
multiplexing  of  digital  data  buses  with  a  general  trend  to  adopt  the  MIL-STD-1553&  as  the 
common  standard. 

This  design  solution  implies  that  all  the  signals  are  converted  to  the  dig'^al  standard 
format  orf ore  their  transmission . 

As  a  consequence  the  bus  deajs  with  just  one  kind  of  signal  and  always  with  the  same. 

Using  the  above  mentioned  technique  it  is  possible  to  design  a  great  variety  of  avionic 
system  structures,  e^ch  of  them  characterized  by  a  different  level  of  data  bus  integration. 
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RT-REMQTE  TERMINAL 
BC- BUS  CONTROLLER 


FIGURE  3  -  DATA,  BUS  SYSTEM  STRUCTURE 


In  this  solution  the  digital  data  bus  allows  the  1 uterconnection  of  a  limited  number  of 
remote  terminals  tasked  to  act  as  concentrators  of  vhe  traffic  to/from  the  various  sensors 
avid  displays. 

This  type  of  structure  asks  for  great  complexity  of  the  remote  terminals  becaus-j  of  the 
need  to  convert  a  lot  of  different  signals  to/from  the  digital  data  bus;  In  addition  this 
solution  is  characterized  by  heavy  data  traffic  on  the  bus  because  each  remote  terminal 
needs  to  be  filled  with  all  the  data  related  to  all  the  equipments  that  are  connected  to  it. 

The  next  step  is  a  system  where  every  equipment  gains  access  to  the  digital  data  bus  by  . 
means  of  its  own  remote  terminal  and  where  a  centralized  bus  controller  performs  the  inte¬ 
gration  of  system  sensors  and  displays  by  sending  through  the  bus  a  proper  sequence  of  corn 
mand  words  (Fig.  3b).  .  • 

The  main  feature  of  such  a  data  bus  structure' is  its  high  level  of  flexibility  :  whichever 
modification  to  the  system  lay-out  and/or  data  exchange  is  easily  handled  by  changing  the 
sequence  of  the  command  words. 

Normally  each  equipment  does  not  require  a  great  deal  of  data  to  be  exchanged  with  the 
remaining  of  the  system.  This  situation  especially  happens  when  enough  computational  ca¬ 
pability  is  embedded  in  tne  equipment  itself. 

However,  the  traffic  of  course  increases  with  the  number  of  the  equipments  connected  to  the 
data  bus. 


i 


~h.:s  means  that  in  j  -yr::il  jvnni:  .system  subsystem  function  is  performed  fcy  .1  group 

of  items  nay  ini'  their  owe,  r-j.i  :ont  rol  2  «r/ processor  :■ r.av:  gat  i  or>  subsy.st  **•?*.  fune*jc  n  wi-h 
I  r.c  r  t  i  -3 1  N'-tv ;  g  :i t  o rs  .  H-a  .i  *  o  ' \  iv  1  g  '*  t  ;rs ,  Nav  i  g  a t ;  on  F  r  70 e 5 no r  •'  tfun  Con  •:  r** .  1 e  r  an  1  •  F  I  i  gh  t  C  :=.  •  -s  . 

Subsystem  function  wi  tr.  gyro  package,  ,'C tuat om*  pilot*;:  comrarO:: .  Flight  Control 
Pr-'o^onor/ ftur?  Control  inr).  Ail  ‘here  prone:  ^orr/  bon  cort.rtrl  1  c  re  ,  *r»  p.  rev  •  0'*h  i  v*  m-»r.  t  *  or.*»d . 
ure  j  r,f<*r  ronnec  ted  via  1  r.:>;n^r  1  e'r<*  ]  bun  wh  1  of  course  nan  its  own  *us  oont  r-. ;  ■■  r  (e ,  g . 

0  I'yst.  em  Monitor  Prooer.oor  or  Pilot  Display  Processor ).  Vs  in*  urM  ar-  archi  lecture 
•*  acn  .auboyot  em  data  bus  c  an  be  tailored  to  it:  -.v»,  reeds  and  m  par- : col  a r  it  'nay  be  p-om  ^ 
ole  to  overcome  all  the  i  r?t  *.*  *  r  ;  -  y  problems  related  to  the  tppi  ic  it  i  -~rj  *f  HI  1,-  T.TD- 1  Sblb  *  » 

•.fie  Flight  Cent  rol  »/ Autopi  lot  systems. 

The  integrity  reqji  rerr.en  t  for  the  flight,  control  r.uh.ny  ntem  0  an  t>e  r«t  using  a  'Triplex  sy¬ 
stem  an  redundant,  buses  ali«w  error  correction  in  addition  to  -rrer/f  uiur^  hlentif  iciUon. 

In  this  case  the  test  instrumentation  has  to,  be  dedicated- to  the  part  icular  ;ub?*y;;tem  act  « 
remote  terminal  to  t>*  lr.ner*ed  1.1  1  further  lata  bus  subsystem  which,  col  !>._«■  *  a  all  ?  he  lata 
'from  ,al  1  the  test-  led  rated  remote  t-^rmi  naia*-. —  , 

The  ore  Qf  a  rnmot»*  -ermiral  for  lest  instrumentation  together  wi*h  »h«»  tata  bus  monitor - 
passive  function  in  rrt,J  to  allow  monitor  of  parameters  normal  ly  not  ■  iva  1  1  aole  on  the 

data  bun  as  intermediate  result.*  of  iterative  calculations. 

».et**s  conclude  our  diversion  on  data  bun  techniques  .by  considering  some  imp  J  scat  tons  we 

f*»ei  worth  to  note  :*  ' 

0  for  the  aforementioned  hierarchical  structures  and  in  general  for'  a 1 l  the  remote 
terminal:;  havirg  access  to/from  different  data  buses,  problems  ex  is t  about  bus 
controllers  syn-'h.ror.  i  /.at  i  on  and  do  Lays  among  data  f  rr  m  different  sources. 

.  0  The  bus  strjjcture  allows  the  aval  l  at»  i  I  i  t  y  in  a  single  point  >f‘ill  the  informal  i  -.m 

exchanged  at  any  ‘ice.  There  fore ,  dit.i  f‘  ?1  i^^tisn  to  evaluate  performances  and 
every  kind  nf  _est  results  }.e<*ome?#  quite  easy,  provided  t.fiit  1  device  able  to  pi  eg 
up  *  he  traffic  and  to  ;  Jer.tlfy  data  to  be  -aptur.e'd  .11  av  ill  able. 

At  this  point,  data  i  Jen  *  l  f 1  r  at .  |  on  is  made  possible  by  knowledge  of  the  command 
word  defining  the  message  and  Of  the  dat  a  posl  1. 1  on  within  the  message. 
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2.  FLIGHT  TEST  INSTRUMENTATION 

The  flight  test  engineering  discipline  was  porn  together  with  the  possibility  to  instrument 
an  aircraft  and  record  aboard  m  some  way  wr.at  picked  up  by  the'  transducers. 


Subsequently,  generations  of  aircraf 
together  with  that,  quite  similar  in 


have  seen  extensive  application  of  this,  practice 
principle,  of  tapping  equipment  aboard. 


Tapping  practice  has  seen  extensive  application  cn  Tornado  together  with  milking  of  digital 
computers  information  content. 

In  autopilot  performance  assessment  direct  access  to  main  computer  ar.d  autopilot  computer 
data  has  been  realized  by  onboard  recording  of  data  transmission  line  serial  digital  stream. 
However,  tapping  i.e.  picking  up  of ' internal  information  in  equipments  original ly  not  desi¬ 
gned  for,  was  also  necessary. 

Tornado's  autopilot  has  two  digital  computers  ( A  F  DC  1  t  2)  self-monitored  except  for  a 
crossfeed  of  command  inputs  to  the  CSAS  subject  to  level  comparison.  A  DAC. ADC  interface 
maxes  Autopi lot/CSAS  inputs  exchange  poss.ble.  the  CSAS  being  an  analogue  system. 


During  au top. lot  development,  tapping  of  tne  interface  in  the  analogue  section  was  necessa¬ 
ry  to  pi rx  up  internal  signals  when  investigating  about  more  'frequent  than  expected  system 
drop  outs. 

This  facility  was  present  also  in  the  autopi ict/CSAS  interface  fitted  to  Ae-ritalia’s  pro¬ 
totype  aircraft,  with  cf  course,  ail  protections  any  system  tapping  is  required  to  have  by 
gn.  '  . 


Protection  s.-e  time  falls  and  it  did  indeed. 

re  :  f  the  o  r.*  rc-l  inputs  from  autopilot  to  the  lateral  CSAS  was  affected  by  voltage  level 
error  .'luted  by  a  faulted  FTI  module  used  in  picking  up  the  signal  at  the  tapping  point 
with  a  couple  of  consequences. 

one  was  benign  being  sel f- reveal  mg  as  autopilot  drop-outs  occurred  when  the  system  comman 
led  the  airplane  to  roll.  •  , 

The  ither  was  deceitful  because  when  the  difference  between  Computer  1  and  2  signals  stood 
Below  'he  threshold  of  the  monitor  it  could  not  trip  and  the  consolidated'  signals  In  input 
to  the  ~$AS  had  a  lev-1  equal  to  'he  average  of  the  correct  and  the  wr’cing  one*..  The  second 
was  Itgically  a  nasty  case  for  people  involved  in  system  performance  evaluation. 

Next  Fig.  S  shows  the  two  cases  experienced. 
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rent  solutions  if  the  technology  adopted  makes  them  applicable. 


The  AM-X  Avionic  System  has  given  us  a  good  chance  to  apply  this  concept.  Writing  the 
specifications  for  the  flight  test  data  pulse  code  modulating  ( PCM )  and  recording  system 
request  has  been  male  of  a  MIL-3 "D-l 553b  data  bus  t ransfo rmer-coup i i ng- type  stubbing  to 
allow  either  all  the  dual  redundant  bus  traffic  recording  or,  via  the  PCM  subsystem,  select 
and  record  only  those  messages  on  the  buses  pertaining  to  equipments  involved  in  the  test 
being  carried  out. 

This  method  of  stubbing  has  been  chosen  in  accordance  with  MI L-3TD- 1 553b  Appendix  point 
10.5  reocmir.er.dat ion  to  provide  "the  benefits  of  DC  isolation,  increased  common  mode  protec¬ 
tion,  a  doubling  of  effective  stub  impedance,  and  fault  isolation  for  the  entire  stub  and 
terminal". 

In  'some  cases  the  PCM  subsystem  may  assume  the  role  of  effective  buses  remote  terminal 
wnich  means  that  wh'en  directly  addressed  it  will  extract  data  then  transmit  a  status  word 
back  to  the  controller.  . 

In  all  the  above  cases  buses  triievel  signals  are  converted  into  binary  by  an  interface 
electronics  and  their  logical, sum  sent -to  the  tape  recorder  as  a  pseudo  single  bus  signal 
in  serial  digital  format. 

Binary  form  adopted  is  bi-phase  modulation  which  does  represent  further  protection,  against 
mismatch  between  bus  line  and  flight  test  equipments. 

A  scheme  of  the  data  recording  system  of  the  AM-X  is  shown  in  Fig. 6. 

To  make  the  PCM  subsystem  working  as  a  remote  terminal  of  the  avionic  system  a  modification 
is  necessary  into  the  bus  controller  i.e.  the  main  computer  software. 

Though  relatively  simple  m  principle,  a?  recommended  at  point  10.2  of  MIL-STD-1 553b  Ap¬ 
pendix.  it  can  represent  the  gap  errors  may  steal  through  Into  the  software  with  potential 
nasty  consequences.  Use  of  such  a  facility  will  therefore  be  limited  to  those  cases  where 
benefits  in  return  largely  pay  for  the  risk  taken. 
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new  progressively  getting  100%  operability  assuming  first  flying  of  AM-X31.  as  ultimate 
sate  for  having  software  and  control  room  hardware  availability  at  the  standard  required 

cy  flight  test  engineering  '.Fig.  7).  facilities  more  comprehensive  description  is  given  §  0 

in  Re:.  1. 


'  ,  • 

:.iea-'ry  data  may  be  stored  on  high  density  tapes  (HID)  and,  in  parallel,  processed  for 
real  time  displaying  and  to  allow  quasi -real - 1 ime  data  analysis.  At  the  sane  time,  data  •  • 

from  previous  flights  may  be  also  processed  by  the  second  PCM  processor  and  analyses  con-  . 

ducted  using  the  time  sharing  computer  partition.'  '  • 

Most  of  the  avionic  tests  data  analyses  not  requiring  extensive  statistical  computations  -  — 

may  be  performed  in  quas  i  -  real  - 1  ime  from  computer  video  terminals  working  on  telemetry  ® 

data  stored  in  a  temporary  computer  memory. 

In  the  rase  of  avionic  system  dedicated  tests,  data  from  the  PCM  subsystem  and  sent  to 
ground  via  telemetry  (Fig.n)  allow  quas i -real - t ime  data  processing  (Fig.  8)  being  inclu¬ 
sive  of  both  ltti'lb  bus  autopilot  system  related  data  and  also  non-avto.nlc  data  as  necessary 
to  identify  from  different  source,  aircraft  motion  and  flight  conditions. 


development  phases  of  the .Tornado  aircraft  (Ref.  2). 

Due  to  t.ne  specific  tasks  to  be  performed,  every  rig  was  set  up  differently  to  obtain  the 
required  capabilities. 

Starting  from -the  purpose  of  providing  the  capability  to  perform  avionic  system  integration, 
very  efficient  and  flexible  facilities  were  arranged  to  cover  a  lot.  of  different  activities. 

In  particular  when  automatic  flight  control  system,  like  Tornado  autopilot,  are  to  be  con¬ 
sidered.  it  is  necessary  to  use  a  facility  allowing  real  time  simulation  with  the  hardware 
;n  the  loop  in  order  to  reproduce  the  real  behaviour  of  the  system. 

A  closed  loop  system  in  fact  allows  to  perform  efficiently  ar.d  cost  effectively  all  the 
activities  reiated  to  the  testing  objective  of  proving,  in  conjunction  with  flight  trials 
activity,  the  performance  and  the  hardware/software  integrity  of  the  automatic  flight  con¬ 
trol  system  under  normal  and  abnormal  operating  conditions. 

To  rover  some  involvements  in  automatic  flight  controls  area,  the  AIT  Tornado  rig  system, 
that  initially  was  just  used  as  a  flight  back-up  rig,  was  improved  with  the  capability  to 
perform  real  time  closed  loop  testing. 

The  present  alT  Closed  Loop  System  is  based  on  three  items  :  avionic  integration  rig,  data 
handling  computer  and  simulation  computer.  ,  ,  , 

The  behaviour  of  the  real  control  loop  (see  Fig.  2),  is  reproduced  by  fitting  the  avionic 
rig  with  AFDS,  sensors,  MC,  displays,  control  panels  and  closing  the  loop  through  software 
models  of  CSAS'and  aircraft  dynamics  (Fig.  9). 
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FIGURE  9  -  CLOSES  ICOP  SYSTEM  SET  UP 


FIGURE  TO  -  CIDASS  REAL  TIME  FUNCTIONS 


The  avionic  equipments  are  connected  as  on  the  aircraft,  and  their  input/output  signal  flow 
is  controlled  by  the  data  handling  computer  via  a  dedicated’ software  system,  some  special 
interfaces  and  through  dedicated  patch  panels.  ■ 

The  operators  can  use  the  various  control  panals/keyboards  and  a  dedicated  hardwaire/sof t- 
ware  system  representative  of  stick,  trim  and  throttle  functions. 

The  two  computers  are  connected  physically  via  a  'standard  high  speed  communication  interface 
and  logically  by  two  Jobs  operating  respectively  on  the  data  handling  computer  and  on  the 
simulation  compute,. 

The  operational  data  flow  In  the  systems  1,3  fulfilled  according  to  the  following  3teps  : 

°  The  output  signals  of  the  various  equipments  are  acquired  by  the  data  handling 
computer  and  sent  to  the  simulation  computer. 

0  These  data  are  used  as  input  signals  for  the  software  models  by  the  simulation 

computer  which  computes  the  equipments  Inputs  to  be  sent  to  the  data  handling  computer. 

•  These  computation  results  are  used  by  the  data  handling  computer  to  stimulate  the 
equipments  that  so  produce  new  data  to,  be  acquired. 

A  real  time  monitoring  of  this  process  i3  accomplished  by  aircraft  displays,  measurement 
devices,  video  terminal,  line  printer  and  plotter.  , 


serial  digital,  parallel  digital,  binary  coded  decimal,  synchro,  discrete,  analogue. 

The  closed  loop  system  makes  use  of  special  software  on  both  the  computers. 

The  data  handling  computer  is  provided  with  the  so  called  Closed  Loop  Data  Acquisition  and 
Stimulation  System  (CLDASS)  which  was  developed  by  AIT  starting  from  the  Data  Acquisition 
and  Simulation  System  (DASS)  designed  by  MBD,  with  AIT  contribution,  for  open  loop  testing 
purposes  (hardware/software  integration,  system  investigation,  flight  back-up,  support  for 
avionic  system  charges). 

The  real  time  functions  (Fig.  10)  are  : 

-  r--ording  on  magnetic  tape  and/or  disk 

icring.on  video  display  or  line  printer  and/or  plotter 
-  .,-nic  stimulation 

-  i-..._stitution  of  serial  digital  'data 

'  -  data  transmission  to  the  simulation  computer 

-  event  processing  and  subsequc  iction 

-  on  line  commands  (for  control  test,  monitoring  and  stimulation} 

Monitoring,  recording,  stimulation  and  u  _stitution  functions  apply  both  to  the  avionic 
rig  data  and  to  the  stimulation  computer  data. 

The  off-line  functions  allow  to  replay  the  recorded  data  on  line  printer/video  display 
( alphanumerical ly)  or  on  plotter  (graphically)  and  to  make  use  of  all  the  necessary  utili¬ 
ties.  ' 

The  simulation  computer  is  provided  with  a  real  time  simulation  program  and  with  two  utility 
systems  :  the  aerodynamic  data  handling  programs  and  the  test  preparation  interactive  pro¬ 
gram. 

These  systems  were  designed  and  developed  with  the  purpose  that  some  limits  of  the  machine 
(speed  and  word  .length)  should  not  affect  the  ability  to  perform  real  time  testing  and 
that,  at  the  same  time,  the  computer  should  be  utilized  at  the  maximum  of  its  hardware 
capabilities.  During  the  project,  in  fact,  the  strongest  constraints  were  : 

°  the  need  that  the  simulation  program  running  time  is  such  to  maintain  the  global 
cycle  time  at  a  value  enabling  a  realistic  operation 

•  the  address  limitation  of  a  16  bit  computer  Just  allowing  12  K  words  program  when 
overlay  techniques  can  not  be  usfed  for  time  consuming  reasons. 

The  aerodynamic  data  handling  programs  system  allows  the  aerodynamic  data  management  with 
the  capability  of  selecting  desired  portion  of  the  flight  envelope;.  Its  functions  are  : 

-  data  selection  in  accordance  with  the  test  to  be  performed 

-  data  generation  in  accordance  with  the  aircraft  configuration 

-  data  interpolation  for  intermediate  situations 

The  test  preparation  Interactive  program  provides  all  the  data/information  necessary  to 
the  test;  its  functions  are  : 

-  selected  data  formatting 

-  trim  conditions  computation  '  . 

-  fixed  parameters  computation 

-  logic  commands  Interpretation  and  formatting 

The  real  time  simulation  program  contains  the  software  models  of  all  the  non  avionic  items 
like  aircraft  dynamics,  engine,  CSAS,  environmental  conditions,,  and  also  of  some  avionic 
sensors,  so  that  the  use  of' either  real  or  simulated  sensors  is  allowed. 

The  program,  which  was  developed  using’ computer  oriented  real  time  techniques,  allows  : 

.  -  starting  phase 

-  avionic  data  acquisition  from  data  handling  computer 

-  avionic  data  conversion  into  floating  point  format 

-  environmental  conditions  cbmputation 

-  CSAS  and  actuators  output  computation 

-  dynamics  equations  integration 

-  engine  parameters  computation 
,  -  sensors  output  computation 

-  sensors  stimuli  computation  ’ 


The  Closed  Loop  System  allows  testing  of  all'  the  relevant  functions  with  very  high  level 
of  flexibility  and  accuracy. 

In  particular  it  makes  possible  to  : 

-  display  and  test  all  the  subsystem  functions  and  logics  against  specification 

-  detect  incompatibilities  or  failures  at  any  level 

,  -  study  and  verify  corrective  actions 

-  anticipate  the  system  in-flight  behaviour 

-  reproduce  in-flight  situations 

-  produce  results  for  the  flight  clearances 

1  -  perform  training  activities 

Before  starting  test  activities  the  facility  itself  has  to  be  validated  comparing  the 
obtained  outputs  with  the  various  off-line  simulation  results,  the  development  flight 
simulator  data  and,  as  a  final  step,  the  flight  trials  traces. 

Fig.  11  shows  a  comparison  between  rig  and  flight  test  results: 


C  -  ROLL  RATE  ANGLE 


The  facility  gives  the  opportunity  to  perform  a  software  confidence  testing  on  the  program 
implemented  within  the  autopilot  computers,  checking  the  correct  implementation  of  : 

-  control  laws  and  failure  logics 

-  limits,  thresholds,  switches  and  selectors 

and  simulating  mishandling  actions  and  various  types  of  external  malfunctions  including 
lack  of  sensors  and  of  power  supplies.  The  performance  analysis  tests  extend  the  investi¬ 
gations  covering  as  largely  as  possible  the  complete  flight  envelope  and  including  several 
aircraft  configurations.  The  purpose  of  performance  evaluation,  which  corresponds  to 
software  validation,  is  to  control  whether  the  specification  is  met  or,  in  other  words, 
whether  the  software  is  working  as  expected. 

The  performances  and  the  hardware/software  Integrity  are  to  be  proven  not  only  under  nor¬ 
mal  operating  conditions  but  also  in  abnormal  situations. 

The  main  objective  of  failure  analysis  tests  is  to  check'the  failures  detection  by  AFDS 
and  the  aircraft  recovery,,  analysing  failures  effects  on  the  system  functions  and  on  the  • 
aircraft  motion.. 

Lane  failures.  Interface  failures  and  component  failures  are  to  be  examined  : 

-  lane  failures  include  open  and  short  circuit 

-  interface  failures  include  power  fails,  hardovers  and  signal  specific  variations 
(failure  to  zero,  3tep  failure,  failure  to  last  value,  ramp  failure) 

In  addition  checks,  on  sensor  data  tolerance,  mishandling  operations  and  disengage  characte 
ristics  are  to  be  carried  out.  ()ig  testing  is  of  course  performed  in  parallel  with  flight 
trials  the  need  of  a  comparison  between  flight  test  results  and  real  time  simulation 
makes  the,  permanent  'Closed  Loop  System  support  essential  during  the  various  phases  of  de¬ 
velopment  and  in-service. 

Thi3  support  extends  from  answering  the  test  pilots  questions  to  reproducing  strange  in¬ 
flight  occurrences. 


0  Performance  prediction  and  evaluation 
0  Interface  failures  effect  ‘-esting 
0  Read  across  between  real  anc'  simulated  flights 
0  Training  activities 

The  autopilot  modes  performance  has  jeen  evaluated  considering  the  operating  mission  requi¬ 
rements  in  all  tneir  complexity.  Th.s  is  carried  out  by  examining  in  addition  to  the  typi¬ 
cal  autopilot  and  aircraft  dynamics  parameters,  also  additional  ones  not  outlined  within 
the  autopilot  specification  but  of  relevance  in  respect  to  the  evaluation  of  the  system 
operational  effectiveness.  For  instance,  the  rapidity  of  certain  manoeuvres  e.g.:  maximum 
bank  angie  achievement  in  heading  acquisition  mode  or  zero  bank  single  achievement  after  the 
desired  heading  has  been  acquired,  does  represent  a  valuable  information  to  assess  the  sui¬ 
tability  to  the  mission  success  of  the  various  autopilot  modes. 

The  facility  has  been  continuously  used  as  a  valid  support  to  the  flight  trials  :  every 
phoenomenum  encountered  in  flight  was  examined  reproducing  the  same  conditions  to  discover 
its  cause.  The  investigations  are  often  let  easier  to  be  made  by  the  possibility  of  obtai¬ 
ning  dynamically  transfer  functions  between  two  internal  points  of  the  system  provided 
they  are  accessible. 

The  manual  controls  implemented  on  the  Aeritalia  rig  system  allow  to  drive  the  aircraft 
and  so  to  test  also  flight  performances. 

The  avionic  system  integration  concepts  which  applied  to  the  Tornado  programme  are  still 
considered  valid  and  applicable. 

So,  as  far  as  the  ground  test  activity  on  the  rig  is  concerned,  also  for  today's/ future 
applications  (like  the  AM-X  programme)  the  same  capabilities  required  and  used  during  Tor¬ 
nado  development  phase  are  considered  necessary. 

Within  the  AM-X  programme  Aeritalia  are  responsible  for  the  avionic  system  development  and 
integration,  therefore  rig  facilities  must  be  able  to  adequately  cover  every  Involved 
equipment/subsystem  area  and  to  allow  any  kind  of  necessary /envisaged  activity  be  performed. 

Tasks  to  be  performed  are  : 

-  testing  of  system/subsystem  functions 

-  performance  prediction  and  evaluation 

-  software  verification  and  validation 

-  testing  of  failures  effect 

-  reproduction  of  in-flight  situations 

-  study  and  verification  of  corrective  actions 

-  production  of  results  for  flight  clearances 

-  performance  of  training  activities 

To  allow  the  above  mentioned  tasks  completion  the  facility  must  be  provided,  as  previously 
seen,  with  a  bench  to  fit  actual  avionic  equipments  as  on  the  aircraft  and  with  an  external 
computing  system  as  required  by  all  the  real  time  and  off  line  functions  generation. 

The  real  time  functions  shall  allow  : 

-  recording  on  proper  supports 

-  monitoring  on  displays/plotters 

-  dynamic  jtimulation 

-  event  processing  and  subsequent  action 

-  on-l,ne  commands  " 

-  generation  of  failures/disturbances 

-  simulation  of  the  aircraft  dynamics  . 

-  simulation  of  all  the  necessary  non  avionic  items 

The  off  line  functions  shall  allow  to  replay  the  recorded  data  on  proper  devices  and  to 
use  the  various  utilities  (both  for  signals  handling  and  for  initial  data  generation). 

In  addition, to  the  functions  already  required  for  the  Tornado  there  is  need  of  special 
interfaces  allowing  data  transmission  between  the  avionic  bus  and  the  external  computing 
system. 

In  the  AM-X  case  in  fact  also  data  oh  the  MIL-5TD-1553b  bus  are  to  be  managed  by  the  rig 
facility  in  addition  to  more  conventional  types  of  signals  (analogues,  discretes, synchro) . 
During  the  preparation  of  the  avionic  bench  it  is  always  very  important  to  maintain  the 
wiring  arrangement  as  similar  as  possible  to  the  aircraft  one. 


lure  detection,  aviohic  equipment  stimulation  and  performance  evaluat ion/veri f icat ion . 

The  need  to  have  interfaces  dedicated  to  the  signal  .transmission/acquisition  of  the  chosen 
digital  data  bus  imposes  to  use  computer  machines  having  particular  features. 

The  configuration  of  the  external  computing  system  mus ;  be  'therefore' conceived  taking  into 
account  a  lot  cf  considerations  about  the  various  exigencies. 

Considering  the  present  computer  technology  i't  was  decided  tp  arrange  a  facility  based  on 
a  single  computer  able  to  perform  both  the  functions  of  signals  handling  and  of  simulation.. 

computer  provided'  rot  only  with  particular  features  in 
with  an  architecture  oriented  to  solve  real  time  pro¬ 
of  interfaces. 

The  basic  requirements  to  be  satisfied  were  :  . 

0  maximum  use  of  commercial  hardware  and  software  products 
11  use  of  a  commercial  real  time  oriented  operating  system 
0  use  of  high  order  languages  to  develop  the  rig  software 
0  capability  of  managing  the  MIL-STD-15S3b  data  bus  traffic 
0  very  high  performances  in  terms  of  throughput  and  bandwidth 

The  Gould-Sel  32/87  computer  resulted  to  be  the  machine  suitable  to  satisfy  in  the  best 
way  the  various  requirements.  ■ 

Concluding  on  the  rig  facility,  to  monitor  at  system  level  the  data  flow  on  the  avionic 
bus  a  serial  bus  analyzer  needs  to  be  provided.  Some  differences  in  the  testing  with  re¬ 
spect  to  Tornado  are  inevitable  because  of  the  bus  s true  :u re  of  the  avionic  system. 

For  example  in  Tornado  the  failure  analysis  was  hardware  oriented,  while  in  the  AM-X  is 
mainly  related  to  the  bus  data  traffic  management. 

Typical  problems  are  the  system  dead  lock  (i.e.  a' system  crash  without  restart  capability), 
error  propagation  on  all  the  equipments  of  the  bus  after  data  corruption  in  the  memory  of 
whichever  Remote  Terminal. 


So  it  was  necessary  to  search  for  a 
terms  of  memory  and  speed,  but  also 
blems  and  able  to  accept  every  kind 


The  testing  of  such  a  structure  must  be  considered  simpler  than  in  the  previous  projects 
due  to  the  fact  that  it  is  possible  to  maintain  the  failure  condition  under  control  by 
means  of, the  dedicated  monitors  and  the  special  computer  interfaces. 

In  this  case  we  have  to  test  only  the  software  because  even  the  hardware  failures  produce 
as  primary  effect  the  los3  of  the  information  on  the  bus.  After’  the  failure  the  system 
recovery  with  the  related  bus  re-configuration  must  be  verified. 


However  it  must  be  noted  that  just  for  this  recovery  capability,  that  was  not  present  in 
the  Tornado,  an  absolute  repetition  capability  is  not  allowed  due  to  the  fact  that  the 
phoenomena  under  consideration  are  probabilistic. 

All  what  above  Implies  reduction  of  instrumentation  and  interfaces  with  respect  to  similar 
activities  on  traditional  problems. 


Test  units  and  test  procedures  can  be  made  standard  because  identical  functions  can  be 
tested  in  identical  way.  1 

The  rig  facility,  at  present  under  development,  envisaged'  for  the  AM-X  avionic  system  is 
composed  by  a  bench  allowing  the  installation  of  all  the  avionic  equipment  as  in  the  air¬ 
craft  and  by  a  SEL  computer .provided  with  al.l  the  peripherals  ani  interfaces  necessary  to 
cope  with  all  data  handling  and  reproduction  requirements  (see  Fog.  12); 
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first,  tne  system  nau  nou  cu  iieivtr  ucvciuptucm.  wm  ^ov^j. 

Second,  close  cooperation  had  to  be  maintained  with  the  system  design  responsible  Company 
(MBB)  and  with  Customers'  representative  who  actively  participated  to  tests  planning,  data 
analysis,  reporting  and  finally  to  flight  operations  by  providing  aircrew  for  those  flights 
aiming  to  investigate  more  on  system  operability  than  on  Specification  compliance. 

Ii  was  a  nice  experience  indeed,  requiring  appropriate  equilibrium  between  contractual 
rigour  as  Panavia  partners  and  objectivity  as  part  of  the  joint  evaluation  team. 

We  are  glnd  to  say  that  when  compromizes  had  to  be  reached  ic  was  always  after  counterparts 
mutual  agreement,  though  difficult  to  reach  under  some  circumstances,  and  full  evidence  of 
problems  found. 

Early  tests  were  with  "clean"  configured  airplane  i.e.  no  stores  on  pylons,  to  check  auto¬ 
pilot  in;egration  with  aircraft  09  equipments  making  also  a  .preliminary  assessment  of 
performances  before  moving  to  extensive  investigation  with  external  stores  carried. 

Software  implemented  in  the  autopilot  computers  we  got  was  a  new  standard  claimed  to  be 
validated  having  been  successfully  tested  during  a  few  shakedown  flights  after  extensive 
computer  simulation  investigation. 

After  looking  at  differences  existing  between  new  and  old  software  standard,  in-flight 
checks  were  specifically  addressed  to  investigate  those  parts  of  the  flight  envelope  where 
differences  were  expected  to  get  more  evidence. 

One  check  consisted  in  flying  the  airplane  at  altitude/speed/wing  sweep ‘values  at  which  the 
old  software  was  limiting  the  maximum  bank  angle  achievable  in  turn  to  lower  angles  with 
basic  autopilot  modes  i.e.  attitude  hold,  engaged. 

Test  evidence  was  achieved  about  failing  of  the  autopilot  to  maintain  the  reference  pitch 
attitude  during  turns  because  of  a  lack  of  pitch  compensation  signal  expected  to  be  propor 
tional  to  the  hank  angle  signal.  Flight  traces  shown  in  Fig.  13  indicate  a  continuous 
pitch  down  from  roll  attitude  hold  engage  till  ba^o-al titude  mode  engage  when  bank  dngle 
reduces  consistently  with  lower  limit  scheduled  for  "cruise  modes"  operation. 


FIGURE  14 -LIMIT  CYCLE  WITH  BARD-ALTITUDE  MODE  ENGAGED 


Reporting  was  made  to  system  design  engineering  and  an  investigation  carried  out  taking 
advantage  of  the  support  consortium's  avionic  integration  rigs  could  provide. 

Origin  of  the  problem,  as  quickly  identified,  was  an  undue • limitirg  of  the  pitch  compen¬ 
sation  signal  with- bank  angle,  occurring  because  of  a  partial  software  modification  from 
previous  standard. 

The  consequence 'was  an  annoying  limited  capacity  of  the  airplane  to  performe  fully  produc¬ 
tive  test  flights  for  a  certain  time,  software  modifications  taking  many  days,  not  hours, 
to  be  introduced. 

Experience  made  had  both  negative  and  positive  aspects  which  is  worth  to  note  having  gene 
rai  validity  i.e.  not  attributable  to ' a  specific  team  or  organization. 
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tly  increase  especially  when  series  hardware  standard  is  used  because  of  lower 
flexibility  and  huge  paper  work  often  required. 

What  aforementioned  justifies  worries  expressed  at  the  end  of  paragraph  2  about  main  com¬ 
puter  software  changes  as  required  to  ease  in-flight  data  recording. 


On  the  positive  side  there  was  : 

-  the  quick  and  productive  response  avionic  integration  rigs  gave  in  fihding  out 
mistake  location. 

This  advantage  has  been  fully  appreciated  leading  to  require,  as  mandatory , simi¬ 
lar  support  in  next  flight  development  programmes. 

The  basic  philosophy  adopted  when  selecting  aircraft  store  configurations  for  test  flying, 
was  to  keep  all  those  which  had  shown  some  peculiarity  during  handling  qualities  and  per¬ 
formance  dedicated  trials  e.g.  reduced  stability  margins  or  higher  drag. 

There  was  a  good  reason  to  do  that  bee-use,  as  almost  inevitably  as  in  all  projects  requi¬ 
ring  special  autopilots  ‘o  be  developed,  the  system  des'gn  had  to  be  frozen  before  the 
availability  of  aerodynamic  data  set  fully  matched  to  flight  data. 

The  most  troublesome  operational  external  stores  configuration  ever  flown  on  Tornado 
consists  of  large  fuel  tanks  underwing  on  inboard  pylons  and  small  stores  on  the  outboard 
in  addition. 

Large  fuel  tanks  cause  larger  than  predicted  longitudinal  stability  margin  reduction  at 
high  subsonic  Mach  number  the  CSAS  can  barely  cope  to.  Closing  the  autopilot  outer  loop 
on  a  marginally  stable  inner  one  we  all  were  conscious  to  beware  of  lack  of  stability , due 
to  the  fact  that  the  autopilot  stability  margin  might  have  been  eroded  to  an  extent  larger 
than  expected. 

Flight  tests  with  baro-altitude  mode  selected  indicated  this  was  the  mode  actually  affected 
by  loss  of  stability  to  a  level  causing  concern  about  system  ability  to  match  Specification 
requirements.  The  phenomenon  observed  was  quiet  taking  about  30  sec  from  mode  engage  to 
get  its  maximum  evidence  and  consisted  of  a  limit  cycle  with  +  0.4  ’g*  normal  load  factor’ 
excursion  (Fig.  14  )  which  is  too  much  indeed  for  "cruise"  flying. 

Ar.  agreement  on  the  interpretation  of  the  phenomenon  found  was  not  easy  to  achieve  in  this 
case. 


Staying  on  the  technical  aspect  of  the  matter  both  ADC  and  Pitot-Static  system  got  attention 
because,  of  significant  discrepancies  existing  between  IN  and  ADC  vertical  speed  measurements 
during  the  oscillatory  motion.  Otherwise,  the  ADC  is  fed  by  the  Pitot-Static  system  which 
closes  the  loop  with  the  aircraft  dynamics.  Therefore,  also  this  system  was  subject  to  in 
vestigation.  | 


The  investigation  was  initially'  conducted  taking  care  o|f  the  nature  of  the  problem  that  in 
principle  might  be  twofold. 

In  fact,  the  limit  cycle  could  be  related  to  a  lack  of 
•cy  of  gain/phase  margin  as  provided  by  design  (when  act] 
tolerances  were  used)  or  by  components  with  dynamic  cha 


stability  caused  either  by  inadequa- 
sal  system  components  and  related 
r’acteristics  worse  than  expected. 


As  shown  in  next  Fig.  15  both  circumstances  occurred. 


Airplane's  inherent  stability  is  lower  than  predicted  flight  test  experience  has  shown. 

Therefore  design  gain/phase  margins  fail  to  compensate  peing  tailored  to  fairly  better  ba¬ 
re  airplane.- 

Otherwise,  also  equipments  in  the  loop  may  be  contributing  to  further' degrade  the  overall 
stability  once  t.ne  oscillation  starts. 


Next  Figure  16  relates  to  the  overall  ADC/Pitot-Static 
based  on  flight  data  at  the  frequency  at  which  the  osci 
tion  reference  is  made  to  actual  sensor  altitude  changei 
transducers  i.e.  gyros  and  accelerometers. 


system  altitude  error  calculation 
Illation  occurred.  In  the  calcula- 
as  resulting  from  pitch  motion 
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FIGURE  15 

ROOT-LOCI  SHOWING  STABILITY  LACK  WHEN  FLIGHT 
MATCHED  AERODYNAMICS  ANO  TOLERANCE  ARE  USED 


FIGURE  IS 

ABC/mOT  STATTC  SYSTEM 
ALTITUDE  ERROR 


Data  shown  indicate  the  ADC  error  increases  when  the  oscillation  amplitude  increases  with 
negligible  effect  on  it  attributable  to  the  Mach  number  effect. 

Oscillations  onset  was  found  repeatable  and  depending  on ’ stability  margin  available  i.e. 
manoeuvre  point  and  centre  of  gravity  (C.G.)  relative  position.  By  consequence,  start  of 
the  oscillation  could  be  obtained  at  different  Mach  Numbers  flying  different  C.G.s. 

Some  consideration  can  be  made  on  this  kind  of  experience  with. a  couple  of  recommendations: 

°  when  evaluating  autopilot  performances  flight  test  engineers  must  be  always  minded 
that  an  ai rplane • i .e .  a  vehicle  moving  through  and  thanks  to  the  air  and  carrying 
a  human  being,  is  under  testing. 

If  an  approach  has  to  be  recommended  it  is  more  along  with  a  handling  qualities 
path  rather  than  an  avionic  one. 

In  any  case  a  background  in  control  systems  design  and  technology  is  highly  desira 
ble. 

®  Conflicts  betwE.en  counterparts  in  charge  of  different  responsibilities  are  almost 
inevitable. 

.  Perfect  solutions  are  in  God's  hands  but  steps  forward  are  easier  when  a  minimum 
of  background  commonality  exists  between  people  approaching  a  given  problem,  though 
from  different  stand  point,  and  use  of  validated  tools  accepted  by  all  parties  mu- 
•  tually  agreed  e.g.  simulation  facilities  and  models. 

Final  settlement  of  the  dispute  was  made  easier  by  the  lucky  circumstances  of  contemporary 
verification  c what  in  the  above  recommendations. 


All  three  are  expected  to  get  substantial  benefits  from  previous  training  of  flight  test 
engineers  by  use  of  the  flight  simulator  to  get  feeling  about  airplane,  stability  and  con 
trol  systems,  autopilot  dynamics. 

Pilots  should  be  asked  to  check  first  on  the  simulator  the  flight  test  programme  proposed 
and  flight  test  engineers  to  make  their  assessments  in  an  environment  which  closely  resem 
bles  that  of  the  flight. 

In  our  opinion  this  represents  a  mature  approach  to  the  flight  test  phase  also  from  design 
engineering  side  who  accept  "foreigners"  be  in  touch  with  their  own  "baby". 

In  parallel  system  designers  should  carry  out  their  activity  on  the  avionic  rig  which  has 
capacity,  ad  described  in  para  4,  either  to  "dialogue”  with  a  "soft"  airplane  model  to  set 
up  control  loop  gains  and  filters  or  to  accept  actual  "bird"  traces  for  trouble-shooting 
once  flight  testing  has  started. 

The  large  number  of  different  external  store  configurations  AM-X  is  expected  to  fly  does 
justify  an  approach  to  the  test  programme  allowing  to  minimize  the  number  of  flight  ne¬ 
cessary. 

Actual  tests  should  be  limited,  as  usual,  to  a  number  of  key  configurations  with  potential 
to  provide  clearances,  either  by  analogy  or  because  of  greater  criticality,  to  all  those 
in  the  inventory  the  Contract  claims.  Despite  of  that  the  number  of  flights  required  to 
assess  autopilot/avionics  performance  remains  high  and  any  further  flight  simulator  use  to 
reduce  it  is  seen  with  benevolence. 

How  this  goal  can  be  achieved  is  barely  and  idea  at  the  moment,  based  on  the  well  known 
potential  any  good  simulation  system  has  to  replace  for  specific  purposes  the  actual 
airplane.  Since  many  years  ago  simulators  have  been  accepted  in  the  training  role. 

Time  has  come  for  Customers  to  accept  also  Specification  requirements  compliance  demonstra 
tions  by  simulation  in  some  cases. 

Autopilot  performance  demonstrations  as  part  of  autopilot  development  flying  fits  very  well 
to  the  purpose,  external  world  cues  playing  a  less  critical  role  than  in  othor  tasks. 

With  autopilot  hardware  available,  airplane  mathematical  model  matched  to  flight  data  and 
sensors  dynamics  adequately  represented  the  simulator,  may  represent  a  powerful  tool  to  sa¬ 
ve  money,  its  degree  of  representative/  of  the  actual  airplane  behaviour  duping  automated 
flight  being  very  high  as  shown  in  previous  para  4. 

Looking  forward  to  the  oncoming  activity  a  couple  of  recommendations  are  thought  necessary. 

A)  The  first  is  to  write  down  a  system  performance  specification  fully  consistent  with 
system  characteristics  and  phisical  world. 

B)  The  second  is  to  make  Customer's  representative  fully  aware  of  the  methods  and  evalua¬ 
tion  criteria  going  to  be  used  in  flight  test  results  analysis. 

Point  A)  e  B)  contents'  are  in  tight  connections  and  both  only  apparently  trivial. 

Meny  specifications  are  wpitten  in  some  ports  regardless  of  testing  needs  and  constraints 
quite  simply  because  people  in  charge  of  it  has  no  experience  in  this  field  and  often  too 
much  under  pressure  to  look  for  support  where  this  experience  may  be  found. 

In  addition,  .specifications  are  written  in  an  early  phase  of  the  programme,  when  equipments 
/systems  are  still  on  paper. 

Changes  almost  inevitably  come  in,  making  contractual  documents  in  some  points  inconsistent 
with  hardware/software  as  actually  provided  by  Contractors.  ’ 

Finally,  when  statistical  evaluation  is  necessary  as  it  is  for  avionic  equipments  and  au¬ 
topilots  as  well,  performance  figures  should  always  be  given  together  with  an  appendix  :  a 
ting  in  full  detail  how  the  actual  performance  has  to  be  derived' from  test  data. 


Autopilot  performance  evaluation  test  flights  have  been  the  last  phase  of  a  process  in 
which  participation  to  design,  development  and  production  were  the  preliminary  steps. 
Closing  the  loop  we  got  the  opportunity  to  focus  attention  on  simple  but  fundamental  con¬ 
cepts  flight  test  engineers  should  never  forget  : 

-  whatever  item  is  tested  it  is  on  an  airplane  and  we  must  know  how  it  flies  i.e. 
make  your  selves  familiar  with  flight  mechanics  principles  and  control  systems 
technique. 

-  Avionic  systems  technology  is  evolving  quite  rapidly. 

Also  flight  test  instrumentation  and  computing  facilities  must  evolve  at  the 
same  rate  to  make  dialogue  feasible. 

Money  spent  may  be  recovered  by  a  clever  test  programme  conduct. 

-  Flight  test  engineers  cannot  longer  live  on  the  other  side  of  the  hill.  Design 
e-ngineers  must  be  'flanked,  and  where  applicable,  same  language  and  tools  used  to 
ease  reciprocal  undestanding  i.e.  mathematical  modelling  and  flight  simulation. 

New  facilities  implemented  for  AM-X  Programme  support  and  data  bus  related  problems  have 
been  shortly  illustrated  and  discussed.  Much  is  expected  in  terms  of  faster  data  handling 
from  the  investment  made,  much  is  also  expected  in  terms  of  knowledge' enhancement  about' 
onboard  data  management  as  required  to  face  future  t'rcraft  generation  testing. 
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SUMMARY 

The  laportanee  or  being  able  to  assess  pilot  workload  in  real  flight  is  generally 
acknowledged  by  peocle  concerned  with  cockpit  design  and  operational  efficiency  and 
safety.  -Currently,  the  most  used  and  probably  Most  reliable  methods  of  estimating  levels 
of.  workload  in  flight  are  those  based  an  some  form  of  subjective  reporting  by  experienced 
test  pilots.  But  subjective,  opinions  are  su*’"ept ible  to  bias  and  to  pre-concelved  ideas 
and  so  the  us.e  of  a  second  and  so  re  objective  as, .re  to  augment  these,  opinions  would  seem 
to  offer  distinct  advantages. 


This  paper  describes  the  way  in  which  a  pilot's  heart  rate  can  be  recorded  'o 
support,  or  occasionally  question,  hi 3  subjective  rating  of  workload.  A  snail  number  of 
examples  from  HAS  Bedford  trials  are  presented  to  illustrate  the  technique,  and  a  short 
description  is  given  of  the  BAe  146  Crew  Complement  Certification  exercise.  Finally,  a 
current  flight  experiment  to  compare  heart  rate  levels  and  workload  ratings  in  a  more 
scientific  manner  is  described.  The  rationale  for  using  heart  rate  in  thl3  way  i3 
discussed  briefly. 


INTRODUCTION  .. 

Whether  one  !s  attempting  to  optimise  workload  levels  on  the  flight  -deck  of  a  civil 
airliner  to  Improve  safety,  or  to  reduce  workload  in  the  cockpit  of  a  combat  aircraft  to 
improve  mlssi-n  effectiveness,  it  Is  important  to  be  able  to  assess  workload  in  flight. 

First  of  all  in  any  paper  devoted  to  assessing  pilot  workload  it  is  clearly 
desirable  to  define  what  la  meant  by  the  term,  for  even  a  brief  survey  of  the  literature 
highlights  the  confusion  that  exists.  Although  there  are  several  definitions  they  tend  to 
be  vague  and  to  vary  .  according  to  the  disciplines  and  interests  of  their  authors.  It  is 
possible,  however,  to  place  most  of  these  definitions  into  one  of  two  broad  conceptual 
groups,  those  that  are  related  to  the  demands  of  the  flight  tasks  -  input  load,  and  those 
that  are  associated  with  the  response  to  those  demands  -  operator  effort.  Of  course, 
there  la  a  fundamental'  difference  between  these  two  groups  each  of  which  has  its  devotees. 
A  confllction  like  this  is  difficult,  if  not  Impossible,  to  resolve  and  so  it  is  not 
surprising  that  there  Is  no  general  agreement  bn  what  is  meant  by  the  term  pilot  w.rki.'Sd. 


For  the  sake  of  completeness  it  is  worth  pointing  out  that  a  small  number  of  people 
would  argue  for  a  third  conceptual  group  containing  interpretations  of  workload  based  on 
work  results  -  or  perf ormar.ee .  Although  it  Is  an  important  attribute  of  workload  it  is 
suggested  that  performance  £>er  sj*  should  not  b<  considered  as  the  basis  for  working 
definitions.  Nevertheless,  whatever  interpretation  Is  used  when  assessing  workload  It  is 
still  essential  to  define  and  monitor  performance. 

Designers  of  aircraft  cockpits  and  flight  decks  find  it  convenient  to  think  of 
workload  in  terms  of  the  task.  In  this  way  they  can  predict  levels  of  workload  for 
different  flight  tasks  and'  operational  situations  by  julng  data  derived  from  various  types 
of  task  and  time  analysis  in  mock-ups  and  simulators.  < 1 > ,  (F)  (I).  Levels  or  Indices  of 
theoretical  workload  (perhaps  more  appropriately  termed  'task  load’},  usually  expressed  as 
a  .function  of  time  required  and  time  .available,  are  extrtnely  valuable  In  the  design  stage 
but,  eventually,  levels  of  actual  workload  will  need  to  be  assessed  l r.  .real  flight. 

In  this  paper  '  workload  is  considered  to  be  related  to  effort  -  an  interpretation 
which  'appears  to  be  cons'stent  with  the  views  of  more  than  Rot  of  professional  pilots  (4). 
It  is  also  an  interpretation  that  agrees  well  with  the  Influence  on  the  piloting  task  of 
such  individual  factors  as  -’atural  ability,  training  and  .experience,  physical  fitness, 
age,  and  the  individual ’ response  to  stress.  Cooper  and  Harper  (5),  .in  the  introduction  to 
their  handling  qualities  rating  scale,  suggested  a  definition  of  pilot  workload  which.  In 
a  slightly  modified  f  'rm,.  seems  to'  be  most  appropriate:  Pilot  workload  is  the  Integrated 
mental  and.  physical  effort  required  to  satisfy  the  perceived  demands  of  a  spectrled  flight 
task.  • 

At  present  the  most  used  and  probably  the  most  reliable  methods  for  assessing 
workload  in  flight  are  base,)  on  some  form  of  subjective  reporting  by  experienced  test 
pilots.  Unfortunately,  subjective  opinions  are  susceptible  to  bias  and  pre-cor.ce l ved 
ideas  and  so  there  are  clear  theoretical  advantages  in  using  more • object lve  techniques  to 
assess'  pilot  .mork load-.  Among  the  many  techniques  studied  are  those  based  on  measuring 
pbyslblogical  variables;  but  the  method  o’*  choice  must  be  non- intrusive  as  well  as  nelng 
compatible  with  flight  safety.  Heart  rate,  which  satisfies  tnese  criteria,. Is  relatively 
simple. to  record  and  the  discrete  nature  of  the  signal  allows  various  forms  of  analysis  to 
be  carried  out  with  ease.  Moreover,  the  use  of,  a  physiological  variable  to  assess 
workload  fits  in'  well  with  a  concept  that  allogs  fee  tne  individual  nature  of  piloting 
skill.. 


those  flight  trials  where  assessing  workload  la  important. 

This  paper  describes  examples  taken  from  a  number  of  flight  trials  where  this  method 
cf  assessing  workload  has  proved  to  be  of  some  value 

METHODOLOGY  ' 

The  technique  used  at  Bedford  for  recording  heart  rate  In  fTlgrsr  is  baaed  on  the 
electrocardiograph  (SCO)  .  Amplified  SCO  signals,  detected  by  -ears  of  two  disposable 
electrodes  applied  to  the  pilot's  chest,  are  recorded  In'  analogue  for*  on  magnetic  tape 
along  wit's  speech  and  various  aircraft  parameters.  In  the  first  instance  heart  rate  is 
plotted  out  in  .beat-to-beat-  form  together  with  tr.c  SCO  *R'  wave  -  the  basic  signal,  (Pig  6 
is  an  example);  subsequently ■ mean  rat«3  for  consecutive  <0  sec  epochs  are  plotted  against 
time,  these  are  found  to  be  most  useful  (Pig  ?  is  an  example).  Mean  heart  rate  values  for 
particular  flight  manoeuvres,  tasics,  or  sub- tasks  may  be  calculated  .*s  required. 

Initially  pilot  opinions  of  workload  were  given  in  a  relative!,  unstructured 
descript ive •  manner  but  the  need  for  some  form  of  rating  scale  soon  became  obvious.  After 
much,  trial  and  error,  and  with  the  help  of  numerous  comments  and  critisisms  from  test 
pilots,  a  ten-point  scale  using  the  concept  of  spare  capacity  was  developed  (Pig  1).  The 
overall  design  is  based  on  the  Cooper-Harper  Handling  Qualities  Rating  Scale  (5),  familiar 
to  Bedford  test  pilots  and  sometimes  used  previously,  though  mistakenly „  to  rate  workload 

*7  *' 

The  scale  is  not  linear  and  proabiy  lacks  sensitivity  at  the  lower  end  but  ts 
readily  accepted  by  most  pilots  who  have  found  it  easy  to  use  without,  the  need  to  always 
refer  to  the  decision  tree.  Half  ratings  are  allowed  within  each  decision  branch  and  tend 
to  oe  used  frequently;  originally  it  was  decided  not  to  permit  the  use  of  half  ratings 
between  the  decision  branches  but  the  occasional  difficulty  of  deciding  between  the  last 
two  branches,  (in  effect  between  ratings'  3  and  4)  was  resolved  by  accepting  a  rating  of 
3j  Pilots  seem  to  find  it  much  easier  to  rate  a  flight  task  if  it  is  short  and  well 
defined. 

•  Most  of  the  flight  trials  of  Interest  from  the  point  of  vle»  of  workload  have 
involved  the  take-off  ■  or  the  approach  and  landing,  two  tasks  Ch'at  are  well  defined  and 
where,  performance  can  usually  be  monitored  by  on-board  Instrumentation  and  by  airfield- 
sited  < i netheodo  1 1 tes  or  radar.  ' 

Hear*  rat»s  and  opinion  ratings  Indicate  only  relative  differences  in  workload  so 
that-  it  is  n.wlpfil  to  have  some  form  of- datum  for  purposes  -of  comparison.  Although  it  ts 
not  always  possible  to  compare  heart  rate  responses  for  different  experimental  variables 
during  the  same  sortie,  or  even  under  similar  flight  conditions,  the  advantages  of  doing 
so  are  obvious.. 

The  individual  nature  of  heart  rate  responses  makes  It  necessary,  especially  when 
dealing  with  small  numbers  of  pilots,  for  each  pilot  to  be  considered  'as  his  own  control. 
This  restriction,  together  with  the  high  i  cost  of  operating  research  aircraft,  usually 
makes  It  Impossible  to  obtain  enough  data  for  worthwhile  statistical  analysis. 
Neverthe; -ss,  obvious  tr-n-Js  in  heart  rate  changes  together  with  pilot  ratings  can  provide 
valuable  ind  reliable  indications  of  differences  In  workload  levels. 

EXAMPLES  ,  , 

The  brief  examples  presented  In  this  section  have  been  selected  from  different 
flight  trials  to  demonstrate  the  practical  use  of  recording  pilots’  heart  rates  as  a  means 
of  augmenting  their  subjective  assessments  of  workload. 

Heart  rate  was  first  recorded  routinely  during  a  series  of  flight  trials  to  evaluate 
different  types  of  reduced-noise  landing  approaches  (R) ,  (,7).  The  fleet  two  trials  used  a 
H."  743  Andover  twin  turbo-pro, p  transport  to  compare  simple-segment  'steep  approaches  with 
gradients  of  b* ,  7J*  and  9*y  and,  later  two-segment  approaches  of  7  i  *  changing  to  3*  at 
?oo  r*.  with  conventional  3*  approaches.  There  was  generally  good  agreement  between  the 
project  pilots'  heart  rates  and  their  subjective  estimates  of  workload;  and  in  the  case  of 
t  ie  single-segment  steep  approach  also  with  expected  levels  or  difficulty  -  the.  workload 
being  expected'  to  Increase  with  steeper  approach  paths  and  higher  hates  of  descent.  Pigs' 
?  and  3  are  examples  of  overall  mean'  heart  rate  plots  (different  pilots).  Interestingly,, 
despite  their  relatively  low  h«*.vrt  rate  responses  the  project  pilots  initially  rated  the 
workload  for  the  two-segment  ippro.arhes  as  high.  It  later  transpired  that  chese  two 
pilots  had  instinctively  disliked  the  Idea  of  changing  from  a  steep  gradient  -'with  the 
higher  rate  of  descent  -  to  a  normal  gradient  at  .700  ft.  After  their  first  sortie  they 
modified  their  views  aril  then  consistently  rated  the  7  J  * / 1*  approaches  as  being  as  easy 
as.  If  not  easier  than,  th"  normal  3*  approaches.  This  example  highlights  the  fact  that 
subjective  assessments  may  be  biased  by  «1 lowing  Instincts  and  misconceptions  to  influence 
Judgement,.  It  also  l’.lustrat*s  the  advantage  of  using  heart  rate  to  augment  -  or 
sometimes  to  question  -  subjective'  assessments  of  workload. 

'Ilmllar  heart  rit-e  responses  luring  a  later  trial  u'stng  .»  MAC  Vf-10  four-jet 
transport  to  evaluate  ‘>*'1*  two-segment  approaches  (with  a  transition  height  of  ‘>00  ft) 


benefits  of  direct  lift  control  (DLC;  fitted -to  a  SAC  1-11(10) .  Pig  5  snows  overall  mean 
rates  for  'one  at  the  three  project  pilots  recorded  during  3*  and  6’  approaches  flown  with, 
and  without  DL€ .  It  can  be  seen  that  the  only  appreciable  redaction  in  heart  rate  with 
IhC  occurred  during  the  glide  slope  acquisition  and  early  part  of  the  6*  approaches.  But 
glide  cl',pe  performance  was  significantly  better  during  ail  D!C  approaches  and  ail  three 


;w «r  workload  with 


Although  heart  rate  di  i  not  appear 


discriminate  between  the  two  experimental  conditions,  nor  did  it  agree  entirely  with  pilot 
opinion,  it  is  worth  noting  that  performance  improved  which  suggests  that  pilots  Increased 
their  .ffort  without  being  aware  of  It. 


These  examples  are  typical  of  flight  trials  in  which  work lead  levels  for  different 
degrees  of  task  difficulty  can  be  compared  with  some  forms  of  datura  or  with  each  other, 
-er.oaps  a  well  designed  rating  scale  would  have  proved  asnful  for  assessing  work! dad  in 
these  instances  but  where  direct  comparison  is  not  possible  such  a  scale  becomes  almost 
essential. 

The  final  version  of  the  Bedford  rating  scale  was  introduced  during  the  US  Harrier 
3k  1- jump  take-off  trials  (10;.  Pig  6  shows  a  typical  'oeat-t  o-beat  r.eart  rate  .plot 
recorded  during  a  skl-Jump  take-off  -  rated  at  4.  This  can  be  'osipared  with  Fig  7  wnlch 
was  recorded  from  the  same  pilot  during  his  first  ski-Jiasp  take-off  -  rated  at  <j.  There 
was  good  overall  agreement  between  heart  rate  responses  and  workload  ratings  In 

dera onsfra t 1 ng  tnat  workload  levels  for  these  ramp  take-offs  are  no  higher  than  those  for 

cor. vent  1  oral  snort  take-offs  from -a  runway. 

luring  a  more  recent  series  of  flights  to  Evaluate  Economic  Category  3  landings  - 
consisting  of  autopilot  approaches  to  a  59  ft  or  bO  ft  decision  height  (depending  on 

aircraft  type'  ending  *i  a  manual  landing  -  pilots'  neart  rates  and  workload  ratings  were 

recorded  ’(11).  fflv  *.  of  a  typical  heart  rate  plot  indicating  the  increase  in  workload 
as  decision  height  is  eared  and  manual  control  assumed  for  trie  landing.  The  scatter 
ii  igram  (Fig  o',  illustrates  graphically  the  relationship  between  32  heart  rale  responses 
and  workload  ratings ’in  real  fog  for  the  senior  project  pilot. 


These  brief  accounts  of  in-flight  workload  assessment  at  Bedford  are  offered  solely 
as  examples  of  the  way  in  which  the  technique  of  recording  pilot's  heart  rates  to 
supplement  their  subjective  opinions  has  been  developed  and  used  in  practice.,  More 
detailed  reports  of  individual  trials  have  been  published  elsewhere  (see  references). 


BAe  luej  WORKLOAD  CPRTIFICATICM 

A  snort  description  of  the  use  of.  this  technique  in  the  certification  of  a  new 
passenger  t'ranspirt  aircraft  -  the  British  .Aerospace  14b  four-jet  feederllner  -  is 
relevant. 

vo 1 1  owing  a  long,  and  sometimes  acrimonious',  debate  between  pilot  unions  on  the  one 
hand  and  operators  an!  manufacturers  on  the- other,  on  whether  jet  transport  aircraft  can 
be  flown  3ar»ly  by  two  pilots  President  Reagan  attempted  to  resolve  the  controversy  by 
estiblishing  a’  Task  Force  to  examine  the  question  impart ia L ly <  1  2 )  ,  The  President's  Ta3k 
Force  >n  Aircraft  drew  Complement,  which  reported  in  July  1981,  Identified  flight  deck 
workload  -analysis  and  measurement  as  a  major  Issue  and  pointed  out  that  the  only  generally 
accepted  method  for  evaluating  workload  at 'present  Is  task/time-llne  analysis  based  on  a 
comparison  with  previous  aircraft  and  flight  deck  designs.  It  was  suggested  that  this 
method,  supplemented  by  Improved  subjective  methods  by  suitably  qualified  pilots,  should 
offer  ,he  best  means  for  demonstrating  compliance  with  FAA  complement  criteria  for  new 
aircraft  (PAR  ?5  1523  Appendix  D)  . 

'  In  the  United  Kingdom  the  CAA  ,  has  adopted  the’  Joint  Airworthiness  Requirements 
(JARs)'  which  Include  'a  direct  reoroduct Ion  of  PAA  25  1523  (As  JAR  25  1523).  British 
Aerospace  elected  to  use  a  combination  of  techniques  to  assess  workload  In  the  BAe  146  - 
the  first  aircraft  to  be  certified  under  JARs  -during  only  'one  evaluation  exercise.  The 
basis  for  evaluation  was  a  mlnl-alrllne  exercise  of  the  type  already  performed  by  Boeing  - 
for  the  757  and  767  ,  McDonnel  l—Douglas  -  with  the  Db'9-90,  and  Airbus  -  with  the  A300  PP. 
In  late  1982  three  teams  of  two  pilots  each  flew  consecutive  three-day  Intensive  flight 
schedules  around  a  circuit  of  three  major  ..gh  intensity  airfields,  with  crew  duty  hours 
considerably  lrt  excess  of  those  allow'd  by  the  CAA  for  passenger  carrying  operations. 
Crew  workload  was  assessed  by  means  u.  subjective  estimates  from  the  pilots  and  flight 
observer  (using  a  rating  scale  and  -  . bt-fl Ight,  quest lonnal re )  and  by  recording  heart  rate; 

ight  deck  activity  and  performance  -  lr.c lud Ing  ■  error  counts  -  were  monitored  by  video 
:  ic-ras  situated  on  the  flight  c’  ok. 

Heart  rate  was  recorder  continuously  from  before  pre-start  checks  to  after  shut-down 
checks.  Isolation  pre-ar  pllf lers  situated  on  the  cockpit  floor,  fed  the  ECU  signal,  as 
pulses,  to  a  Hewlett  Packard  9826A  computer.  Heart  rate  In  beat-to-beat  format  was 
displayed  In  real  time  on  the  computer's  ln-hullt  CRT  and  then  plotted  out  by  a  HP  2763 
graphic  printer.  Each  plot  -  or  frame  -  was  for  }C0  sec  of  heart  rate  plus  a  60  sec  plot 
in  a  negative  direction,  le  from  the  previous  frame.  Pig  10  shows  a  typical  frame 
(recorded  during  a  take-off  from.  Amsterdam) . 


■  '  <y  V  .1  .  V  S  _  its*! 


cetermi.ned  plan  -  on  the  heart  rate  plot  fig  10 J  .  Pilots  were  instructed.  ir  the  use  of 
me  rating  scale  before  the  exercise  started  ar..i ,  In  particular,  were  asked  to  consider 
me  load  luring  the  previous  33  sec.  ratings  were  requested  frequeiitTy  daring  hlgn 
workload  phases  of  flight  such  ras  the  take-off  and  departure,  the  approach  and  landing, 
and  wnen  emulated  in-flight  failure  occurred;  during  the  crul.se  ratings-  were  requested 
less  frequently. 

As  the  tial n  reason  for  recording  heart  rate  was  to  augment  subjective  assessments  of 
■workload,  mean  rates  for  the  30  sec'  proceeding  each  set  of  ratings  were  calculated  and 
men  collated  with  those  ratings.  Results  for  tr.e  nigh  workload  phases  -were  of  particular 
interest;  fig  11  shows  plots  of  heart  rate  33  sec'  and  of  ratings  front  a  handling  pilot 
ar.d  from  a  flight  observer  recorded  during  a  take-off  and  departure  fronr  Hatfield  A)  and 
i.rlng  an  approach  ar.d  landing  at  Amsterdam  .3!  . 


there  was  reasonably  good  agreement  between  heart  rates  and  workload 
mere  were  a  number  of  exceptions  which  were  probably  due  partly  to 
.  tr.  tr.e  rating  scale  and  partly  to  rating  the  Instantaneous  level  of 
than  the  level  experience!  during  the  previous  30  secants.  For  example, 
snows  quite  go  sd  agreement  fig  ;i  shows  some  disagreement  between  the  '.two 
t's  r.eart  rates  an!  their  ratings  records!  during  a  take-off  ar.d  departure 


it  Amsterdam  a:  and  an  approach  and  landing  ■ 
flight  observers’  ratings  showed  better  agreemer 

In  addition  to  relating  heart  rate  with 
was  examine!  'or  unduly  high  heart  .rates  that 
l*vel 3  of  workload;  for  rapid  changes  in  rate  i 


;•  '.onion  (3);  it  is  interesting  that  the 
wit.n  the  pilot's  heart  rates. 

abjective  ratings  each  beat-to-bsat 1  plot 
may  have  suggested  inappropriately  high 
Heating  audde;:  changes  in  workload;  and, 


in,. tr.e  absence  of  changes  in  overall  rate,  for  suppression  of  heart  rate  variability 
consistent  with  Increased  mental  load. 


AID  w'IRKI'a: 


The  use  if  heart  "ate  to  augment  pilot’s  subjective  opinions  of  workload  prompts  the 

q  west  ion:  how  good  is  the  relationship  between  the  two  measures?  It  Is  a  question  that 

sr.ouli  really  nave  been  examined  in  more  detali  some  year's  ago,  but  now,  after  previous 

"j  .  \ s  r  i  1 » <? 'I  *  *  1  s'?  f  %  uor?  sol  entlllc  study  is  underway  at  Bedford.  The 

experiment  involves  four  short  but  well  defined  flight,  tasks,  '.generating  theoretically 
morxeily  different  levels  of  difficulty  5  being  flown  in  a  RAe  1-5  twin-jet  ’business* 
airerft  cy  several  pilots.  The  sequence  of  tasks  -  to  oe  flown  within  laid  down 
p.erf ortsar.ee  limits  -  consists  of  : 


1  A  ;t?*  tarn  in  2  min  at  constant  altitude,  IAS,  and  rate  of  turn. 

2  a  'VI*  turn  in  0  min  with  a  .simultaneous  loss  of  2003  ft  in  altitude  at  a 
■  constant  IAS  an i  rate  of  turn. 


3  A  ?hl*  turn  in  2  min  with  a  simultaneous  2000  ft  altitude  lass  followed  by  a 

reverse  ?h.3*  turn  in  2  mlrt  with  a  simultaneous  gain  of  200"  ft  at  a  constant 
IAS  and  rate  of  turn. 


•a  A  163*  turn  .In  2  min  with  a  simultaneous  altitude,  loss  of  2.000  ft  and  speed 
reduction  of  130  kts. 

The  subject  pilot’s  heart  rate  13  rrlonltored  throughout  and  he  is  also  asked  to  rate 
each  task,  or  if  he  desires  each  sub-mask,  using  the  ten-point  workload  rating  3cale 
referred  to  earlier  (Pig  1). 

It  wa3  originally  intended  that  the  experiment  would  follow  a  design  based  on  the 
Darin  square  with  each  pilot  flying  the  sequence  four  times  in  different  'order.  In 
practice,  partly  because  the  aeroplane  is  .available  only  on  an  ’opportunity’  basis  and 
partly  because  more  pilots  have  offered  to  participate,  the  sequence  t3  now  flown  In  the 
most  convenient  order  at  the  time;  but  with  the  first  task  to  be  flown  being  repeated  at 
the  end  of  the  sequence. 

Perfortrance  was  measured  during  the  first  few  flights  but  as  it’  became  clear  that 
pilots  .were  striving  to  achieve  there  best  performance  anyway,  and  as  it  was  proving 
difficult  to  apply  error  scores  to  heart  rates  and  ratings,  subsequent  sequences  have  not 
been  measured  . 

All  sutject  pilots  are  highly  experienced  but  those  not  current  on  the  aeroplane  are 
given  at  least  30  mins  familiarisation  beTore  being  asked  to  rate  the  tasks;  similarly, 
pilots  unfamiliar  with  the  rating  scale  are  given  a  full  briefing  beforehand. 

Todate  11  'pilots  ha've  flown  a  total  of  1*1  sequences  and  results  3how  an  extremely 
good  relatlorsh’p  between  thetr  mean  heart  rates  and  their  workload  ratings  for  5  pilots, 
reasonably  good  agreement  for  another,  and  no  agreement  at  all  for  one, pilot.  This,  latter 
finding  is  Ir  accord  with  previous  observations  on'  Individual  responses  tnat  occasionally 
a  pilot's  heart  rate,  whilst  responding  qua ’ l tat l vely  with  expected  changes  In  workload. 


There  is  now  substantial  evidence  to  suggest  that  during  normal  hut  demanding  flight 
heart  rate  responses  in  experienced  pilots  are  determined  almost  entirely  by  their 
workload,  so  it  is  interesting  to  speculate  cr.  the  neuro-physioiogical  mechanisms  that  are 
likely  to  be  involved.  Rarely  is  the  heart  rate  change  due  to  the  influence  of  physical 
activity  or  to  environmental  stressors  which  in  normal  flight  are  quite  low,  although 
nigher  rates  recorded  from  pilots  in  the  manual  control  loop  suggest  that  increased  neuro¬ 
muscular  activity  of  some  form  may .play  a  part. 

Piloting  an  aeroplane,  especially  during  the  more  difficult  manoeuvres,  requires  the 
brain  to  .  collect,  filter  and  process  information  quickly,  to  exercise  Judgement  and  make 
decisions,  and  to  Initiate  rapid  and  appropriate  actions.  This  neurological  activity  - 
which  must  have  been  essential  for  the  survival  of  primitive  man  -  is  associated  with  a 
state  of  preparedness  sometimes  known  as  arousal.  Furthermore,  there  is  experimental 
evidence  that  increased  arousal,  up  to  a  moderate  level,  enhances  a  person's  capacity  for 
complex  skills  • 

and  thus  improves  performance  (13).  .  it  has  been  suggested  by  several  people  that  the 
relationship  between  performance  and  arousal  can  be  described  by  ar.  inverted  MM  -shaped 
.curve  -  though  there  is  only  meagre  evidence  in  support  (It).  Nevertheless,  a  theoretical 
relationship  of  this  type  ha3  a  particular  attraction  in  the  context  of  flying  as' there  is 
evidence  that'  both  under-  and  over-arousal  have  preceded  landing  accidents  where 
performance  was  clearly  below  an  acceptable  level. 

There  13  also  some  experimental  evidence  that  a  similar  inverted  'U’-shapec  function 
describes  the  relationship  between  performance  and  task  demands  (If);  and  it  has  been 
suggested  that  levels  of  arousal,  are  determined  by  tack  characteristics  or  demands,  by  how 
the  individual  perceives  t.'e  situation,  and  by  how  he  responds  to  his  envirorment  (16). 
So  one  can  speculate  that  a  pilot  is  more  likely  to  produce  an  adequate  -  if  no.  optimum  - 
level  of  performance  by  matcr.ing  his  level  of  arousal  to  the  perceived  difficulty  of  the 
filgnt  task.  ,  The  result  will  depend  largely  on  hi3  training  and  experience  although  if 
the  task  is  a  novel  one,  as  happens  often  in  te3t  flying,  a  significant  element  of 
empiricism  must  be  involved.  Of  course,  tha  level  of  arousal  should  be  higc  enough  for 
the  ta3k  Itself  and  also  high  enough  to  allow  for  the  unexpected;  for  examp.’ e,  an  engine 
failure  on  take-off  may  requ'.-e  extremely  rapid  and  appropriate  actions. 

On  occasions  at  Bedford,  it  has  been  obvious  from  the  sudden  Increase  in  heart  rate 
after  the  start  of  a  manoeuvre  that  a  pilot  had  failed  to  anticipate  the  difficulties  of 
the  ta3k  and  'set'  his  arousal  accordingly.  Conversely,  high  heart  r? tea  have  been 
recorded  when  there  wa3  an  element'  of  uncertainty  about  the'  task;  this  m.s  particularly 
noticeable  for  the  novel  'skl-Jump'  take-offs  and  for  a  pilot's  first  approach  and  manual 
landing  in  fog.  At  3uch  times  there  has  been  a  tendency  for  heart  rate  levels  to  disagree 
occasionally  with  workload  ratings-. 

Support  for  these  speculations  is  provided  by  experimental  eviderce  showing  that 
appropriate  -  pathways  in  the  brain  and  central  nervous  system  do  ‘exi.st.  The  concept  of 
arousal  is  an  oversimplification  of  complex  neuro-phys loiogl ca 1  -  mechanisms  but  It  Is 
functional  and,  providing  it  is  not  confused  with  emotion.  It  -explains  the  Relationship 
between  a  pilot's  workload  and  his  heart  rate  in  a  convenient -nanner.  1 

The  use  of  physiological  va:lables  to  indicate  l/.’S'els  of  workload  has  been  viewed 
with  suspicion  by  many  people  and  the  use  of  only  onj-dvar lab! s  -  such  as  heart  rate  -  has 
been  criticised  in  particular.  However,  many  of  J-.fese  cr'^lclsms  have  been  based  on  the 
results  Of  laboratory  and  'light  simulator  experiments  where  quite  often  the  task  and  the 
levels  of  workload  were  unreal  Is  1  tic  . 

It  can  be  argued  that  in  using  hea/B;  rate  to  augment  pilots'  subjective  ratings  two 
variables  are  being  used;  but  it  Is  qi^w.ltlonable  whether  they  are  really  separate  measures 
-  the'  relationship,  already  discuss^,  between  perceived  difficulty  of  th?  task,  arousal, 
and  heart  'ate  precluding  t rujg'lndependence ;  although,  as  the  actual  neurological 
mechanisms  are  uncertain  the  possibility  of  conscious  unawareness  must  exist. 

•  ■  «r  "  -  1 

Heart  rate  and  subjective  ratings  are  relatively  coarse  measures  -  a  fact  which  is 
often  criticised  by  scle>.^i3ts  accustomed  to  using  mbre  precise  measuring  techniques.  But 
when  one;  considers  th  -r  individual  variations  in  the  different  aspects  o.‘  skill  between 
pilots,  and  even  wlt’/fn  the  3ame  pilot  from  time  to  time,  the  search  Tor  minor  differences 
in  workload  may  b.  unrealistic  in  real-world  conditions .  It  is  also  worth  noting  that 
expected  differences  in  workload  may  be  more  theoretical  than  real  and  so  tefore  deciding 
whether  heart  rate  or  subjective  ratings  can  differentiate  between  workloai  levels  it  is 
Important  to  be  sure  that  there  Is  in  fact  a  real  difference  (10). 

Experience  at  Bedford  has  shown  that  when  »  pilot  is  in  the  control  loop,  or  13 
expecting  to  enter  the  loop,  and  when  the  flight  task  is  reasonably  demanding,  heart  rate 
will  usually .  identify  meaningful  changes  or  differences  in  workload.  When  the  tapk  is 
relatively  undemanding  or  when  the  pilot  is  in  a  purely  monitoring  role,  as  happens 
frequently  in  the  new  generation  of  civil  transport  aircraft,  .heart  rate  alone  may  not 
discriminate  between  small  differences  in  workload  -  although  subjective  ratings  may  well 
do  so.  Assessment  of  cognitive  activity  of  this  type  is  more  difficult  bn'c  often,  in 


mom  t  oring  rieari,  race  curing  ingnt  seems  n  ue  rsaauy  accepted  oy  pilots;  aea:  ora 
test  pilots  have  co-operated  to  the  extent  of  applying  their  own  electrodes  and  preparing 
recording  equipment  for  flight  on  many  occasions.  7K e  heart  rate  data  are  often  studied 
with  interest  oy  the  pilots  who  find  their  results  helpful  in  recalling  various  aspects  of 
the  sortie. 

In  its  final  form  the  workload  rating  scale  has  been  generally  welcomed  by  pilots 
who  find  it  relatively  easy  to  use  In  practice  -  even,  surprisingly,  after  the  briefest  of 
Introductions.  Recently  the  rating  scale  has  been  used  quite  .effectively  to  assess 

workload  on  the  Boeing  7 il  by  airline  pilots  unfamiliar  with  the  technique.  These 

favourable  observations  are  probably  due  to  the  use  of  a  definition  of  wo rkri >ad  accepted 
by  pilots  and  to  basing  the  scale  on  the  Idea  of  spare  capacity. 

The  exp  rlrr.ent  to  examine  the  relationship  between  heart  rates  and  workload  ratings 
has  30  far  ps  educed  some  encouraging  results.  The  reasons  for  the  poor  agreement  for  one 
pilot  In  this  series,  and  a  small  number  of  pilots  during  flight  trials,  are  not  known, 
ire  the  heart  rate  responses  at  fault?  or  are  the  subjective  assessments  unreliable?  At 
times  3ome  pilots  tend  to  give  a  rating  of  the  instantaneous  workload  when  asked  rather 

than  to  Consider  the  workload  level  over  the  previous  period  or  task.  A  pilot  may 

misinterpret  the  demands  of  the  task  -  this  is  a  recognised  cause  of  aircraft  accidents; 
or  perhaps  the  physiological  mechanisms  Involved  in'  tuning  the  arousal  level  are  at  fault. 

In  the  BAe^  1A6  certification  exercise  there  wa3  a  reasonable  level  of  agreemc.it 
between  neart  rates  and  ratings  but  Incons latencies  and  anomalies  did  occur,  although 
neither  ratings  nor  heart  rate  levels  suggested  unusually  high  workload.  tn  thl3  trial 
and  in  others  anomalies  and  inconsistencies  in  heart  rate  responses  and  workload  ratings 
have  been  resolved  by  discussion  with  the  pilots  and  re-analysls  of  the  data  In  most 
Instances.  For  example,  several  Inconsistencies  could  be  traced  to  rating  instantaneous 
workload  rather  than  that  for  the  previous  30  sec,  It  wa3  Interesting  to  note  that  on 
several  occasions  a  flight  observer’s  ratings  agreed  more  closely  with  the  pllct’3  heart 
rate  than  lid  his  own  ratings  (fig  11). 

Ouch  observations  underline  the  need  to  use , at  least  three  pilots  when  assessing 
workload . 

CONCLUSIONS  ’  • 

So  far  evidence  supports  strongly  the  u3e  of  the  methodology  described  above  in  the 
pssctl.-ai  assessment  of  workload  In  flight;  but  experience  has  underlined  the  need  for  the 
following  points  to  be  born  in  mind: 

It  is  Important  to  u3e  a  well  designed  rating  scale  which  Is  easy  to  use  and  fully 

understood  by  pilots; 

such  ratings  are  Increased  In  value  by  re-ordlng  the  pilot's'  heart  rate; 

heart  rate  responses  are  Idiosyncratic  and  so  each  pilot  should  be  used  as  his  own 

control ; 

to  a  large  extent  the  3ame  applies  to  subjective  ratings; 

neither  heart  rate  responses  nor  ratings  are  absolute  measures  of  workload. 

In  tne  long  term  a  more  sophisticated,  reliable  ar.d  sensitive  measure  of.  workload 
may  be  developed,  but  it  Is  suggested' that  for  the  time  being  the  use  of  a  techlnque  based 
on  the  one  described  in  this  paper  is  worth  contemplating. 
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Fig  2  Overall  ,mean  30  sec  heart  rates  (rSEM)  for  four  statistically 

designed  sorties  of  single-segment  experimental  noise  abatement 
approaches  in  an  HS  748  Andover  -  one  pilot.  The  arrows 
indicate  the  epochs  centred  on  the  touchdown.  . 
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Fig  3  Overall  mean  30  sec  heart  rates  for  7)°/3° 
two-segment  approaches  and  for'  conventional 
30  approaches  in  an  HS  748  Andover  -  one  pilot. 
•  The  arrow  indicates  the  touchdown  epoch. 


Fig  4  Overall  mean  30  set:  heart  rates  for  5°/ 3°  two-segment  approaches 
and  for  conventional  3°  approaches  in  a  VC-10  -  two  pilots. 

The  arrows  indicate  the  touchdown  epoch. 
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(8)  6a  BASIC  AIRCRAFT 
(8)  6®  DLC 


(IS)  3°  BASIC  AIRCRAFT 
(13)  3°  DLC 
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Fig  5  Overall  mean  30  sec  heart  rates  for  3°  and  6°  approaches  and 
landings  flown  with  and  without  DLC  in  a  BAC  1-11  -  or.e  pilot. 
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Typical  beat-to-beat  heart  rate  and  nozzle  angle  traces  recorded; 
during  a  ski- jump  take-off  in  an  MS  Harrier.  (Note  the  rapid 
downwards  rotation  of' engine  thr.ust  (upwards  in  the  trace)  as 
the  aircraft  left  the  ramp  (arrow)  followed  by  the  gradual  rear¬ 
wards  rotation  (downwards  in  the' trace)  as  speed  was  increased.) 
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Fig  7  Beat-to-beat  heart  rate  and  nozzle  angle  recorded  during 

the  first  ski-jump  take-off  by  this  . pilot  -  the  same' pilot 
as  in  Fig  6. 
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Fig  10  Example  of  beat-to-beat 
heart  rate  plots  and  workload 
ratings  from  the  3Ae  146  certi¬ 
fication  programme.  (Recorded 
during  a  take-off  from  Amsterdam.) 
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Fig  11  Plots  of  man  heart  ra*"e 
responses  (30  sec)  and  of  work¬ 
load  ratings  from  the  handling 
pilot  and  flight  observer  - 
BAE  146 . 

A  -  Take-off  and  departure  from 
Hatfield. 

B  -  Approach  and  landing  at 
Amsterdam. 
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Fig  12  Plots  of  mean  heart  rate 
responses  (30  sec)  and  of  work¬ 
load  ratings  from  the, handling, 
pilot  'and  flight  observer  - 
BAe  146. 

A  -  Take-off  and  departure  from 
Amsterdam. 

B  -  Approach  and  landing  at 
•  London. 
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Fig  13  Heart  rate  responses  and  workload  ratings  for  four  pilots. 
HS  125. 
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Fig  l*t  Heart  rate  responses-  and  workload  ratings  for  three  pilots. 
HS  125. 
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SUMMARY:  '  .  "/ 

In  this  paper  I  will  show  how  the  judicious  use  of  simulatic  n  in  support  of  flight 
test  can  be  used  to  leverage  the  flight  test  available  in  nany  programs  to  more 
adequately  cover  the  complex  test  requirements  of  modern  systems.  The  simulation 
facility  I  -will • describee  is  designed  around  the  multiplex  data  mis  structure  found  in 
all  modern  U.S.  aircraft.'  This  architecture  makes  the  simulation  problem  easier  but  is 
not  a  necessary  condition  for  the  application  of  these  techniques  to  support  flight 
test.  However,  for  non-multiplex  bus  systems  the  simulation  is  by  nature  more  single 
purpose  and  the  difficulty  in  changing  the  simulation  facility  from  one  aircraft  type  to 
another  is  greatly  increased.  We  at  .the  Naval  Air  Test  Centeryare-  committed  to  the  use 
of  simulation  to  support  the  flight  test  requirements  for  all  current  and  future  Navy 
aircraft.  We  use  the  facility  today  to  support  F/A-18  and  AV-8B  avionics  system 
testing.  The  facility  is  being  expanded  to  also  support  flight  system  and  flight 
control  computer  testing  for  the  F/A-18,  AV-8B,  F-4S,  F-14,  and  X-29  aircraft.  It  is 
our  opinion  that  the  use  of  simulation  to  supplement  flight  test  offers  the  only  hope 
for  being  able  to  adequately  test  todays  highly  complex  and  highly  integrated  weapons 
systems  within  the  level  of  test  assets  expected  to  be  available  in  future  programs. 


BACKGROUND: 

At  the  Naval  Air  Test' Center  we  are  responsible  for,  the  Test  and  Evaluation  (T&E)  of 
new  Naval  aircraft.  This  includes  testing  of  both  the  airframe,  engine,  a^d  flying 
qualities,  and  the  integrated  airborne  weapons  system.  As  technology  has  advanced  over 
the  past  decade,  especially  in  aircraft  weapons  systems,  we  shared  the  same  problem  that 
plague  T&E  communities  throughout  the  world.  Namely,  how  to  adequately  test  these 
increasingly  complex  systems  within  the  constraints  imposed  by  program  schedules  and 
asset  availability. 

This  problem  became  critical  with  the  advent  of  the  new,  U.S.  Navy,  F/A-18  fighter 
attack  aircraft.  This  aircraft,  designed  by  the  McDonnell  Aircraft  Corporation,  is 
intend'd  to  perform  both  the  fighter  and  light  attack  missions  of  the  U.S.  Navy  through 
the  19*0' s.  It  also  represents  a  quantum  increase  in  system  complexity  over  previous 
tactical  Naval  aircraft.  This  increase  in  complexity  is  a  direct  result  of  the 
aplication  of  advances  in  digital  system  technology  to  the  design  of  the  F/A-18  weapons 
system.  The  aircraft  system  is  designed  around  a  federated  collection  of  independent 
processing  elements  connected  ever  three  separate  MIL-STD-1553  multiplex  data  buses 
(Figure  1) .  Each  of  these  processing  elements  contains  substantial  software  or 
firmware.  When  viewed  as  a  single  system,  this  large  collection  of  software  and 
firmware'  represents  a  complexity  level  that  far  exceeds  that  of  previous  tactical  Naval 
aircraf t. 

The  dilemma  we,  faced  in  testing  the  F/A-18  was  ,  hew  to  adequately  test  this 
complexity  within  the  constraints  imposed  on  us  by  the  realities  of  the  program.  Figure 
1  qualitatively  gives  a  historical  presentation  of  this  problem.  If  the  amount  of 
software  in  a  system  and  thus  the  complexity  is  used  as  a  metric  against  which  to  judge 
test  requirements  for  a  particular  system,  then  thte  historical  increases  in  system 
complexity  have  been  matched  by  corresponding  increases  in  the  testing  required  to 
adequately  test  and  evaluate  these  systems.  At  the  same  time,  the  individual  test 
requirements,  as  well  as  the  cost  of  consumables  necessary  to  perform  a'  test,  have 
increased  individual  .test  costs.  The  result,  as1 figure  2  shows,  is  a  rapid  escallation 
in  the  total  resources  necessary  to  adequately  test  a  modern  weapons  system  using 
conventional  flight  test  techniques.  At  the  same  time,  normal  1  program  and  fiscal 
constraints  have  held  the  assets  available  to  a1  typical  test  program  relatively  constant 
over  time.  The  result  is  an  increasing  gap  between  the  amount  of  conventional  testing 
required  to  adequately  characterize  a  system  and  the  test  assets  actually  available. 
Without  alternate  test  approaches  to  fill  this  gap,  systems  that  have  not  been 
completely  tested  will  be  introduced  into  operation  and  hidden  inadequacies  will  be 
discovered  when  they  can  least  afford  to  be,  during  operational  use. 

We  recognized  this  problem  at  the  advent  of  the  F/A-18  program  3nd  found  what  has 
come  to  be  an  increasingly  common  solution.  Namely,  the  use  of  simulation  in  support  of 
flight  test  to  fill  this  gap  between  test  requirements  and  test  asset  availability.  The 
idea  is  to  apply  "system ' simulation  techniques  to,  increase  the  amount  cf  valid  test  data 
obtained  from  a  given  amount  of  flight  testing.  The  strategy  is  to  use  conventional 
flight  test  to  validate’  the  results  of  a  simulation  at  a  particular  point  in  the 
aircraft  weapon  envelope.  Then  to  use  the  simulation  to  determine  the  performance  of  a 
particular  system  throughout  its  total  operational  envelope.  If  questionable 


In  addition,  the  use  of  the  siaul-ation  allow.;  the  tester  to  concentrate  available  flight 
testing  in  portions  of  the  operational  envelope  where  problems  are  expected  rather  than 
first  r.avihg  to  use  flight  test  to  discover  these  pr  ablest  areas. 

THE  SIMULATION  SYSTEM 

Cr.ce  we  had  decided  on  the  need  to  provide  sooe  type  of  simulation  support  for  the 
F/A-I6  weapons  syste®  test  program  we  were  faced  with  the  problem  of  designing  a  system 
to  supply  this  support.  Our  design,  which  resulted  in  a  facility  called  the  Tactical 
Avionics  and  Software  Test  and  Evaluation  Facility  (TASTE?) ,  was  based  on  the 
architecture  of  the  F/A-18  system.  We  recognized  this  system,  the  first  of  a  number  of 
“levy  systems  to  be  based  on  the  MIL- STD-1553  data  bus,  was  a  precursor  of  future  weapons 
systems  designs.  As  a  result  we  designed  a  simulation  system  that  was  compatible  with 
not  only  the  specific  F/A-18  weapons  system  but  that  would  also  be  compatible  with  the 
wnole  new  generation  cf  multiplex  bus  oriented  aircraft  systems 

The  basic  design  philosophy  is  shown  in  figures  3a  and  3b.  Any  MIL-STD-1553  bus 
oriented  system  car.  be  represented  by  a  simplified  blocic  diagram  similar  to  that  shown 
in  figure  3a.  The  system  consists  of  a  single  bus  controller,  in  this  case  the  Fire 
Control  Computer  (FCC),  which  communicates  over  the  MIL-STB-1553  bus  with  a  number  of 
remote  terminals  which  are  the  other  elements  in  the  weapons  system.  Our  approach  was 
to  use  standard,  general  purpose,  computers,  along  with  specially  designed  interface 
hardware,  to  simulate  this  system  in  a  very  general  way.  Figure  3b  shows  how  this  can 
be  done  for  the  simplified  system  shown  ii  figure  3a.  In  this  example  the  FCC  is 
assumed  to  be  both  the  primary  weapons  system  computer  as  well  a*  the  MIL-STD-1553  bus 
controller.  The  general  purpose  computers  are  connected  to  *.h“  H-'L- STD-1553  bus  through 
specially  designed  interfaces.  The  computers  are  also  provided  .  d3 ha  shari-g  path 
between  each  other’  through  a  e.ultiport  noaory  sy^cem.  This  mu- *  ip?ort  memory  system 
provides  a  single  physical  segment  of  memory' that  simultaneous’’/  . r>f  :b-s  to  be  logically 
iocal  to  each  of  the  processors  in  the  facility.  It  r.lrj  prjvides  an  interrupt 
capability  betyeen  processors  in  the  facility  that  can  be  Lc  control  the  timing  and 
execution  of  the  simulation.  Cr.e  more  element  is  required  cor-.n’;ic  the  facility. 
This  is  a  multiprocessor  executive  program  used  to  synchronize  and  r.*rt - the  execution 
of  the  simulation  processors. 

With  this  hardware  and  executive  software  in  plane  the  facility  can  be  ust-d  to 
simulate  virtually  any  MIL-STD-1553  bus  oriented  systew.  The  simplified  diagram  of  the 
system,  shown  in  figure  3b,  illustrates  how  this  is  done  .-.a  typical  aircraft  weapons 
system.  Each  of  the  avionics  subsystems  in  the  aircraft  is  modeled  in  software  in  the 
gener'l  purpose  computers.  In  addition,  the  actual  ».<  rCC-.il.  Fire  Control  Program  (FCP) 
it  loaded  in  the  avionics  FCC  in  the  facility.  Wh*n  the  FCP  is  running,  the  only 
connection  between  the  FCC  and  the  aircraft  is  through  the  HIL-STD-1 uata  bus.  The 
models  o’  the  aircraft  avionics  subsystems  in  the  simulation  computers  are  designed  to 
provide  esponses  to  the  FCC  computer  over  the  MIL-STD-1553  bus  that  are  identical  to 
those  in  the  real  aircraft.  Aa  a  result,  once  tre  ,’:c  -nd  the  avionics  subsystem  models 
are  running,  the  data  envirorasent  the  FCC  ex-« riant*-*  is  identical  to  that  in  the  real 
aircraft  during  flight.  One  other  class  of  ximuiition  software  is  required  to  supply 
the  avio.ics  subsystem  models  with  the  ,.cr-er  e;v..o»aBental  data  required  by  the  FCC. 
This  cla  is  includes  models  of  the  airfcv  a  JyrW“>*.cs,  the  atmosphere,  the  earth,  and  any 
other  external  data  required  by  the  s*  acion  such  aa  target  models  and  communication 
data  lirk  models. 

i 

In  rperation  the  system  ls.-.nry  simple.  The  envi  v, --mental  models  calculate  the 
state  of  the  simulation  including  all  the  envi  ronaentil  data  required  oy  the  sensor 
models.  ,  The  sensor  models  use  Iti,  environmental  d?tj  to  develop  the  various  responses 
required  by  the  FCC  computer  r'.ur'ng  the  next  comp’i-ttjon  cycle.  The  interfaces  between 
the  simulation  compute'*  a,J  *he.  M1L-STD-1 551  .  :x>  t  -s  sre  used  by  the  avionics 
subsystem  models  to  tianstei  these  dr.ta,  ,n  **  i»'  format,  on  command  to  the  FCC. 
An  example  of  how  the  FCC  obtains  i»rj  oldens  i  .'-•?{  •*  information  on  the  aircraft  Head 
Up  Display  (HUD)  will  illustr_te  t'  (i  ,-s  r»t.  •«.  .  lit.,  the  aircraft  and  atmosphere 
models  calculate  the  dynamic  and  cV.tlv  m«,<' j*  '  currently  experienced  by  the  aircraft. 
These  values  are  placed  in  t  e  multipart  i«r  use  by  the  avionics  subsystem  models 
in  the  simulation.  In  this  >sa-»pl»  the  A*r  Lit*  xputer  ( ADC)  model  tikes  these  values 
and  reformats  them  for  transmission  to  th«  TCI.  rhes.t  values  are  transmitted  to  the  FCC 
when,  acting  as  the  bus  cont  oiler,  the  FCC  requests  the  particular  MIL-STO-155J  message 
from  the  ADC  containing  this  information.  Once  the  FCC  receives  these  data  from  the  ADC 
model  it  can  compute  the  aircraft  airspeed.  when  the  computation  is  complete  the  FCC. 
transmits  special  messages  to  the  model  simulating  the  controls  and  displays  subsystem 
of  the  aircraft  to  command  tie  display  system  to  draw  the  proper  airspeed  information  on 
the  HUD.  The  key  point  is  :hit  all  the  data  on  the  NIL-STD-155J  data  bus  is  Identical 
in  all  respects  to  that  the  FCC  would  aee  during  actual  flight  operations.  Since  the 
Hit- STD- 1551  data  path  la  the  only  connection  between  the  FCC  and  the  real  aircraft  and 
since  the  data  on  this  bua  ia  identical  In  the  simulation  to  that  in  an  aircraft  in 
flioht  the  FCC  1#  effective  ,y  fooled  into  thinking  it  is  in  flight.  As  a  result  the 
computational  performance  of  the  FCC  in  the  simulation  is  identical  to  its  computational 
performance  during  flight.  Thus,  tests  performed  on  the  FCC  software  in  the  simulation 
accurately  reflect  the  in  fl  ,qht  performance  of  the  system  and  can'  be  used  to  supplement 
flight  test  data. 
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the  true  aircraft  performance  is  referred  to  as  validation.  In  tne  r./pe  of  simulation  I 
have  described,  the  'validation  effort  is  minimized  by  the  structured  nature  of  the 
simulation.  The  only  interfaces  that  have  to  be  validated  are  the  data  paths'  between 
the  avionics  subsystem  models  and  the  FCC.  The  limited  asour.t  c-£  data  passed  between 
these  systems  makes  this  a  simpler  tasft  than  it  might  appear  cn  the  surface.  Sr.  nr.e 
case  of  the  F/A-18,  the  contractor  had  developed  a  multiplex  bus  list  that,  completely 
defined  all  the  data  messages  between  the  fCC  and  the  various  ssicmcs  systems  in  tne 
aircraft.  In  developing  the  simulations  of  the  avionics  subsystems  this  list  of  the  bus 
messages  was  used  to  define  the  MIL- STD-1555  input/output  structure  of  each  of  the 
models.  This  helped  to  guarantee  the  models  in  the  simulation  would:  -accurately  reflect 
the  performance  of  the  aircraft  hardware.  There  was,  however,  one  final  test  required 
to  complete  the  validation  of  the  simulation.  In  this  test  tne  performance  of  the 
weapons  system  was  measured  during  flight  test.  A  duplicate  test  was  then  performed  in 
the  simulation  and  the  performance  of  the  simulated  system  was  alto  measured.  The 
simulation  was  considered  validated  when  the  performance  and  operation  of  the  Simulation 
matched  the  performance  and  operation  or  the  actual  aircraft* 

The  simulation  architecture  shown  in  figure  3b  is  considerably  simpler  than  the 
architecture  of  the  F/A-18  avionics  system  shown  in  figure  2.  This  difference  in 
complexity,  however,  is  completely  accomodated  wifchir  the  general  simulation 
architecture  I  have  described.  In  the  actual  T/A-16  simulation  all  three  KIL-STD-l 552 
buses  were-  present  along  with  both  of  the  FCC's  feem  thi  airplane.  ,  Figure  4  shows  a 
wiring  diagram  of  the  facility  configured  for.  F/A-18  testing.  As  yea  will  note  this  is 
an  exact  analog  of  the  actual  aircraft  system  architecture  shown  in  Figure  2.  The 
F/A-18  multiplex  bus  data  information,  obtained  from  the  prime  contractor,  was  used  in 
the  development  of  all  the  avionics  snhsvrtem  models.  In  addition,  after  the  simulation 
was  complete  ai.J  running,  the  operation  of  the  simulation  in  a  rdiaber  of.  renditions  was 
compared  with  the  operation  of  the  aircraft  in  flight  to  validate  the  simulation. 

TTPES  CF  TESTS  PERFORMED 

The  types  of  tests  which  can  be  performed  using  a  simulation  ncritar  to  the  one  I 
have  just  described  are  even  more  varied  tr.an  those  which  can  be-  performed  on  the 
aircraft  itself.  They  can,  however,  be  broken  Into  two  general  classes.  The  first  ar«> 
tests  on  the  software  contained  in  the  FCC.  In.  this  case  the  only  actual  hardware 
required  in  the  simulation  are  the  FCC's.  Models  of  th*  remainder  of  the  avionics 
subsystems  are  used  to  prqvide  data  to  the  FCC  on  the  MIL-STB-1SS3  multiplex  hue.  The 
simulation,  under  computer  control,  flys  the  simulated  weapons  system  through  a  number 
of  flight  scenarios  and  measures  the  performance  of  the  FCC  software  i.i  each  of  ■ hese 
scenarios.  I  will  describe  more  of  these  tests  in  detail  and  how  they  are  performed  in 
the  next  section. 

The  second  class  of  tests  involves  testing  the  software,  and  in  some  cases  the 
hardware,  operation  of  avionics  other  than  the.  FCC.  In  this  type  of  testing,  the  model 
of  a  particular  piece  of  avionics  is  replaced  by  the  afctual  equipment.  In  the 
simulation  the  interface  between  the  avionics  models  and.  the  MIL- STD- 1553  data  bus  is 
identical  to  the  .eal  hardware.  As  a  result  the  only  actions  necessary  to  include  real 
hardware  in  the  simulation  are  to  terminate  the  model  of  the  hardware  and  pi  ig  the 
actual  equipment  into  tr«  M1L-STD-1 553  bus  in  the  facility.  The  only  problem  is  that 
any  equipment  included  m  the  facility  in  this  way  must  also  be  provided  simulated 
external  stimuli  that  replicate  those  it  would  sense  while  installed  tn  the  aircraft. 
An  example  of  a  system  that  can  be  provided  reasonable  stimuli  of  this  type  is  the 
Stores  Management  Set  (SMS!  in  the  F/A-18.  The  SMS  is  the  weapons  release  and  control 
system  for  the  F/A-18.  In  addition  to  the  MIL-STD-1553.  data  bus,  it  only  connects  to 
tne  weapons  release  and  weapons  control  systems  in  the  airplane.  The  computational 
requirement  necessary  to  simulate  these  external  systems  and  provide  the  correct  stimuli 
to  the  SMS  are  father  modest  and  well  within  the  state-of-the-art.  'This  is  in  contrast 
to  the  F/A-18  radar  hardware  which,  could  also  be  easily  connected  to  the  simulation  but 
which  would  require  very  extensive  and  expensive  advances  in  the  state-of-the-art  in 
stimulation  equipment  to  provide  an  electromagnetic  environment  that  completely 
replicated  flight  conditions. 

FI**  COSmiC*.  COWFPTCT  SOFTWARE  TSSTIMS 

In  this  section  I  wil  1  ,  descr  ibe  s  number  of  the  tests  that  have  been  performed  on 
the  F/A-18  FCC  software, in  th*  TASTEF.  I  will  first  give  a  relatively  detailed  example 
of  how  a  particular  series  of  tests,  air-to-ground  ballistic  accuracy  and  sensitivities, 
were  performed.  In  the  remainder  of  the  section  1  will  preaent  a  series  of  shorter 
descriptions  of  other  types  of  tests  performed  tn  a  similar  manner. 

The  F/A-18,  as  most  modern  attack  aircraft,  has  a  number  of  automatic  and 
s»mi-autowatlc  air-to-ground  weapon  d# 1 i very . modes.  A  typical  test  performed  on  this 
type  of  system  is  to  evaluate  its  accuracy.  This  evaluation  can  be  obtained  from  (light 
test  by  delivering  a  statistically  algnlficant  sample  of  weapons  at  a  target  in  a 
particular  release  condition  and  recording  the  distance  between  each  weapon  impact  point 
and  th*  aircraft  aim  point.  The  result  of  this  scries  of  tests  is  art  estimate  of  the 
weapons  system  accuracy  for  the  particular  weapon  used  at  the  particular  flight 


A  simulation,  such  as  the  one  described  in  the  first  part  of  this  paper,  can  be  used 
to  extrapolate  a  relatively  small  amount  of  flight  test  vraapon  system  performance  data 
to  estimate  'the  performance  of  the  weapon  delivery  system  over  the  entire  delivery 
envelope  for  all  weapons  carried  on  the  aircraft.  The  first  step  in  this  process  is  to 
.obtain  flight  test  data' that  records  the  performance  of  the  weapon  delivery  system  for  s 
particular  weapon  and  delivery  condition.  The  next  step  is  to  obtain  similar  data  from 
the  simulation  for  the  same  weapon  at  exactly  the  same  weapon  release  condition.  The 
simulation  is  vai idated  by  comparing  these  two  sets  of  data  and  making  sure  they  are  the 
same  within  the  measurement  accuracy  of  the  flight  test  data.  This  validation  process, 
may,  and  often'  will,  involve  modifications  and  corrections  to  the  simulation  and 
siK'-lation  models  to  make  them  more  completely  representative  of  the  actual  hardware. 

The  validated  simulation  is  used  to  expand  the  system  accuracy  estimates  throughout 
the  we: pon  delivery  envelope  for  all  weapons  carried  on  the  aircraft.  Ths  model  of  the 
SM3  is  initialized  to  indicate  to  the  FCC  that  the  aircraft  is  '  oaded  with  the  weapon 
type  for  which  the  system  accuracy  is  to  be  evaluated.  In  addition,  a  driver  program  is 
developed  that  will  automatical ly  fly  the  aircraft  simulation  through  a  number  of  weapon 
delivery  profiles.  This  driver  program  is  set  up  to  automatical ly  step  through  a 
complete  family  of  possible  release  delivery  profiles  by  incrementing  dive  angle-, 
airspeed,  wind  condition  and  release  altitude.  A  final  set  of  simulation  test  softwer 
is  a, so  developed  to  extract  the  FCC  performance  in  each  of  the  simulated  weapon 
delivery  runs.  This  software  can  either  capture  the  computed  release  point  from  the 
simulation  or  extract  the  expected  down  range  and  cross  range  travel  for  the  weapon  frem 
the  FCC  during  -the  weapon  delivery  run.  These  extracted  data  are-  the  FCC’s  estimate  of 
the  impact  point  of  a  weapon  released  at  the  point  irt  the  delivery  profile  where  the 
data  were  extracted.  The  accuracy  of  the  FCC's  prediction  is  determined  by  using  the 
release  point  as  the  initial  condition  and  then  running  a  validated  ballistic  model  of 
the  particular  weapon  selected  from  these  initial  conditions  to  the  ground.  The 
accuracy  or  performance  of  the  FCC  at  the  particular  release  condition  is  established  by 
comparing  the  FCC  predicted  impact  point  with  the  impact  point  established  using  a 
validated  ballistic  simulation. 

This  process  can  be  extended  to  provide  system  accuracy  sensitivity  data  that  could 
not  be  extracted  usinq  flignt  test  alone.  To  do  this  the  simulation  is  first  run  using 
perfect  models  of  all  the  avionics  sensor  subsystems  that  provide  input  to  the  PCC 
weapon  delivery  calculations.  .With  these  data  as  a  baseline  various  levels  of  sensor 
errors  are  introduced  into  each  of  the  sensor  simulation  models.  The  FCC  predicted 
solutions  with  and  without  a  particular  level  of  sensor  err'--  are  compared  to  determine 
the  sensitivity  of  the  weepon  delivery  algorithm  used  in  the  FCC  to  errors  in  the 
aircraft  sensors. 

Another  result  of  using  the  simulation  to  extend  the  flight  test  results  is  that  the 
initial  validation  of  the  simulation  provides  what  we,  at  the  Naval  Air  Test  Center, 
refer -to  as  a  closure  analysis  of  the  weapon  delivery  system.  A  key  element  m  the 
simulation  validation  process  is  to  make  sure  that  th.e  operation  of  the  simulation 
matches  that  of  the  aircraft.  This  is  done  by  comparing  flight  test  data  with  data 
produced  running  an  equivalent  test  on  the  stmuletion.  Ordinarily-,  the  sensor  models  in 
the  simulation  are  initially  Modeled  as  perfect  sensors  that  return  error  free  dajta  to 
the  FCC.  In  a  real  aircraft  this  is  never  precisely  the  case.  There  are  radar  ranging 
errors,  altimeter  lag  and  position  errors,  and  INS  velocity  errors.  These  errors 
contribute  to  the  accuracy  of  the  weapon  delivery  system  measured  in  flight  test.  As  a 
part  of  the  validation  effort,  data  are  collected  during  the  flight  test  to  determine 
the  levels  of  sensor  error  present  in  the  aircraft  systems.  In  the  validation  process 
these  error  levels  are  lrseited  into  the  sensor  models  before  comparing  the  simulation 
test  results  with  flight  test  results.  Once  a  aaten  has  been  achieved  between  the 
simulation  and  the  flight  test  data  it  is  possible  to  evaluate  the  'contribution  of  each 
of  the  sensor  subsystem  errors  to  the  overall  system  accuracy.  This  closure  analysis  is 
valuable  because  it  highlights  the  most  significant  contributors  to  system  error  and 
provides  management  with  the  information  necessary  to  determine  the  most  cost  effective 
improvements  to  the  system. 

In  the  previous  paragraphs  I  have  covered  in  detail  how  simulation  can  be  used  to 
extend  the  data  available  from  flight  test  to  completely  characterize  air-to-ground 
weapon  delivery  software.  The  same  approach  can  be  used  to  evaluate  the  performance  of 
the  other  software  elements  in  the  PCC.  Typical  examples  include  system  modeing  and 
backup  capability,  air-to-air  weapon  delivery  software,  navigation  functions,  and 
break-x  cuelnq. 

The  first  and  simplest  types  of  tests  are  the  evaluation  ff  system  modeing  and 
backup  capability.  One-  the  operation  of  the  simulation  has  been  validated  it  provides 
a  convenient  tool  for  doing  all  the  types  of  "what  if*  tests  that  need  to  be  performed 
to  make  su.'e  the  system  will  operate  properly  under  all  conditions.  Pilots  and  or 
engineers  can  use  the  simulation  to  subject  the  system  to  all  combinations  of  switch 
clotures,  mode  selections  and  subsystem  failures.  They  do  this. to  minimize  the  chances 
that  there  is  any  combination  of  commands  that  can  be  given  to  the  system  under  any 
circumstances  that  will  cause  the  system  to  operate  improperly:  An  additional  result  of 
this  type  of  testing  Is  that  it  provides  indepth  training  to  both  pilots  and  engineers 
on  the  system  opeatlon.  This  is  important  in  testing  modern,  highly  complex,  aircraft 
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the  -j-u'.a  collection  advantages,  the  simulation  also  provides  pilots  with,  a  vehicle  to 
as  .  :-,»f  refamiliar  with  the  sy stein  before  embarking  on  highly  crascles:  and  expensive 
f  teats.  In  our  experience  at  NAVA i STESTCEN  this  ability  tc  ref  arriliarive  pilots  . 

prefly  complex  tests  in  the  simulation  has  reduced  the  number  a£  tests  that  have  to 
■.  '  repeated  due  to  coordination  problems  and  pilot  error. 

A  similar  type  of  testing  can  also  be  performed  to  verify  the  peeper  operation  of 
many  of  the  functions  of  the  navigation  software.  In  these  cases,  pilots'  and  engineers, 
*fly*  the  simulated  aircraft  through  a  number  of  navigate jn  oriented  flights  and  verify 
proper  operation  of  the  navigation  systems.  These  include  proper  handling  of  waypoint 
information,  proper  steering  commands  to  selected  destinations  and  proper  operation  of 
the  system  at  ell  latitudes  and  longitudes. 

Testing  the  air-to-air  software  is  similar  to  testing  air-to-ground  software.  Again 
the  simulation  must  be  validated  using  flight  test  data  from  several  air-to-air  tests. 
Once  this  is  done,  the  simulation  can  be  used  to  extrapolate  the.  performance  of  the 
.air-to-air  system  over  the  entire  range  of  the  weapon  envelope.  A  typical  test  is  to 
evaluate  the  accuracy  of  the  Launch  Acceptable  Region  (LARI  calculation  in  the  FCC. 
This  is  the  calculation  that  is  made  to  determine  the  maximum  and  ic:.nimum  ranges  for  the 
weapon  selected  at  the  current  target-shooter  geometry.  Usually  the  system  designer 
develops  a  curve  fit  model  to  approximate  the  performance  of  an  actual  missile  in 'making 
this  calculation.  The  potential  problem  is  that  this  curve  fit  veil  1  not  exactly  match 
the  performance  of  the  missile  and  the  system  will  tell  the  pilot  he  is  in  range  of  the 
target  when  he  is  not  or  that  he  is  out  of  range  of  the  target  when  h2  really  is  in 
range.  The  validated  simulation  is  used  to  evaluate  this  systea  fay  writing  a  driver 
program  to  step  through  a  muxtiparameter  ,  family  of  target-shooter  geometries  varying 
such  things  as  shooter  altitude,  target  altitude,  shooter  velocity,  target  velocity,  and 
shooter-target  aspect  angle.  At  each  individual  condition  the  FCC  estimate  of  missile 
maximum  and  minimum  range  is  extracted  from  the  simulation.  *.  VuliuaLed  6 

degree-of-f reedom  simulation  of  the  actual  missile  is  then  used  to  chec-.  the  accuracy  of 
these  extracted  solutions.'  The  particular  target-shooter  geometry  is  setup  and  a 
simulated  missile  is  fired  at  the  target.  Simulated  missiles  are  fired!  for  a  number  of 
ranges  until  the  maximum  and  minimum  ranges  that  the  simulated  missile  h.ts  the  target 
are  determined.  These  ranges,  which  are  the  best  estimates  of  the  actual  missile 
performance,  are  compared  with  the  FCC  generated  solutions  to  assess  the  accuracy  of  the. 
LAR  calculations  in  the  FCC. 

Evaluation  of  the  FCC  computation  of  break-x  cueing  is  another-  example  of  using  the 
simulation  to  extend  flight  test  data  and,  in  this  case,  improve  test  safety.  The 
F/A-18  FCC  computes  a  minimum  safe  altitude  depending  on  the  current  conditions  of  the 
aircraft.  When  the  pilot  goes  below  this  altitude  in  a  dive  the  system  alerts  him  by 
flashing  a  break-x  cue  on  the  HUD.  This  cue  is  timed  so  that  if.  the  pilot  executes  a 
specified  pullout  maneuver  when  the  cue  starts  he  will  miss  the  ground  by  some  specified 
distance  during  the  pullout.  To  test  this  system,  flight  test  data  is  obtained  at  some 
relatively  shallow  dive  angle  and  used  to  verify  that  the  operation  of  the  broak-x 
cueing  in  the  simulation  matches  the  operation  in  the  airplane.  When  this  validation  is 
complete  the  simulation  is  used  to  extend  the  evaluation  of  the  bceak-x  cue  over  all 
airspeeds  and  dive  angles.  A  driver  program  is  developed  to  fly  the  simulation  through 
a  dive  pullout  maneuver.  The  driver  program  also  is  designed  to  step  the  simulation 
through  the  complete  envelope  of  dive  angle  and  airspeed  possibilities  for  the  airplane. 

This  program  starts  the  simulation  in  a  dive  at  some  altitude-  above  the  break-x 
altitude.  It  then  flys  the  airplane  through  a  straight  path  dive  until  it  determines 
the  FCC  has  initiated .  the  break-x  cue.  At  this  point  it  forces  the-  airplane  to  fly 
through  the  specified  pullout  maneuver  that  was  used  to  define  the  bfeak-x  performance. 
During  the  pullout  maneuver  the  program  constantly  monitors  the  distance  between  the 
simulated  aircraft  and  the  around.  The  minimum  value  of  this  distance  l*  used  to  verify 
the  operation  of  the  break-x  software. 

ona  BiunimM/sorniMUK  cvaldatiobs 

In  addition  to  uslngthe  TASTEF  to  evaluate  the  FCC  software  we  have  also  xised  it  to 
verify  the  proper  operation  of  other  avionics  subsystems.  Normally  these  subsystems  are 
removed  from  the  aircraft  and  connected  directly,  to  the  MIL-STD-iSSJ  data  bus  in  the 
facility.  These  systems  are  ther  also  provided  with  external  stimulations  to  replicate 
the  total  signal  environment  of  the  subsystem  in  the  airplane.  In  the  case  of  the 
F/A-1S  the  most  novel  and  successful  application  has  been  using  the. SMS.  As  it  turned 
out,  the  method  used  to  integrate  this  avionics  hardware  into  the  simulation  was  unusual 
and  as  far  as  I  know  unique.  Instead  of  simply  using  the  SMS  hardware  out  of  the 
airplane  and  plugging  it  into  the  simulation  along  with  other  required  stimulation 
hardware  and  software,  we  were  able  to  connect  the  simulation  to  a  fully  integrated 
aircraft  system  Including  an  SMS.  As  a  result  we  were  able  to  test  not  only  the  SMS 
computer  hardware  and  software,  but  also  the  encoders,  decoders,  cables,  and  auxiliary 
hardware. 

The  structured  architecture  of  MIL-STD-1553  be*  oriented  systems  makes  the  potential 
of  plugging  a  simulation  directly  Into  a  fully  integrated  aircraft  extremely,  attractive. 

The  only  thing  that  must  be  done  is  to  find  a  way  to  connect  the  simulation  bus  to  the 
aircraft  bus  end  then  not  execute  the  simulation  models  of  hardware  that  will  be  active 
in  the  airplane.  Figure  5  shows  schematically  how  this  was  dona  for  the  F/A-tS  eyetem. 


ot  tn-i.  rest  of  the  avionics  subsystems  were  used  to  complete  the  entire  weapons  system. 
As  a  result  the  SMS  was  fooled  into  thinking  that  it  W3S  in  flight  in  an  actual 
aircraft.  This  was  necessary  to  be  able  to  put  the  SMS  through  its  complete  paces  in  a 
ground  test  environment.  The  problem  is  that  the  F/A-1B  system  is  too  intelligent  and 
when  it  is  sitting  on  the  ground  with  zero  velocity  and  zero  altitude  it  knows  it  is  on 
the  ground.  As  a  result,  the  F/A-1S  system  will  not  perform  all  the  weapons  release 
sequences  it  would  in  flight.  However,  once  the  simulation  and  the  airplane  systems 
were  connected,  the  models  of  the  Air  Data  Computer  (ADC)  and  IKS  provided  simulated 
flight  data  to  the  FCC  and  SMS  which  made  these  systems  believe  the  aircraft  was  in 
flight.  As  a  'result  the  SMS  and  FCC  could  be  made  to  perform  all  release  sequences  on 
the  ground  exactly  as  if  they  were  in  flight. 

In  order  to  set  up  this  type  of  an  operation  the  first  problem  was  how  to  connect 
the  simulation  to  the  airplane.  In  the  case  of  the  F/A-18,  it  turns  out  that  this  was 
easier  than  anyone  would  have  imagined  possible.  On  the  right  side  of  the  airplane, 
immediately  available  under  a  removable  panel,  is  a  small  box  with  a  single  cannon  plug 
entering  it.  This  box  is  the  termination  for  the  two  data  buses  in  the  airplane.  All 
that  is  required  to  connect  tne  simulation  to  the  airplane  is  to  disconnect  this  one 
cannon  plug  from  the  bus  termination  box  and  plug  it  into  a  connector  that  connects  to 
the  simulation. 

Before  describ  -ig  the  testing  that  was  performed  on  the  SMS  using  this  setup  I  would 
like  to  digress  and  discuss  the  impact  of  this  method  of  testing.  The  connection  between 
the  simulation  and  the  aircraft  is  extremely  quick  and  simple.  Additionally,  making 
this  connection  in  no  way  disturbs  the  flight  worthy  condition  of  the  airplane.  The 
■impact  is  that  production  configured  aircraft  could  be  used  without  modification  to 
conduct  tests  of  this  type.  The  rapidity  and  ease  with  which  the  connection  is  made 
means  that  these  production  aircraft  would  only  be  required  for  a  very  short  period  of 
time  during  the  actual  testing.  After  the  tests  were  finished  the  simulation  could  be 
disconnected  from  the  airplane,  the  airplane  buses  reterminated  in  the  aircraft  and  the 
plane  flown  away.  This  opens  a  new  and  as  yet  relatively  unexplored  set  of  test  assets 
that  can  be  made  available  to  a  program  on  a  relative  low  cost  and  non-interference 
basis.  In  addition  the  connection  of  the  simulation  to  the  aircraft  in  this  way 
indicates  a  potential  for  turning  the  aircraft  itself  into  a  training  simulator. 

(Jetting  back  to,  the  SMS  tests,  once  the  aircraft  system  was  connected  to  the 
simulation  it  was  possible  to  exercise  the  SMS  in  every  mode  that  it  could  operate 
during  flight.  The  purpose  of  the  testing  was  to  verify  proper  operation  of  the  SMS 
under  all  possible  loading  configurations  and  release  modes  for  the  aircraft.  To  do 
this  a  series  of  driver  programs  were  developed  that  would  fly  the  simulation  through  a 
weapon  release  profile.  a  test  matrix  was  developed  that  included  representative 
samples  of  all  the  loading  configurations  for  all  the  weapons  carried  on  the  aircraft. 
Each  loading  configuration  was  tested  by  telling  the  SMS  that  the  particular 
configuration  was  on  tue  airplane  and  flying  the  airplane  through  a  release  profile. 
Stripcharts  were  used  to  record  the  SMS  commands  to  the  Cartridge  Actuation  Devices 
(CAD's)  in  the  racks  as  well  as  to  arming  solenoids  and  electric  fuzes.  After  each 
simulated  release,  the  stripcharts  were  analyzed  to  verify  that  the  proper  commands  had 
been  sent  to  the  weapon  suspension  equipment.  The  results  of  these  tests  did  point  to 
several  problem  Areas  in  the  initial  SMS  software  including  incorrect  electric  fuzing 
options  for  several  weapons  and  incorrect  weapon  release  operation  for  long  strings  of 
bombs.  Admittedly,  these  are  not  severe  safety  of  flight  problems.  However,  they  are 
the  type  of  problems  that  any  test  activity  should  discover  before  sending  an  aircraft 
to  operational  use. 
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SUMMARY 


FLIGtfT  TEST  TECHNIQUES  EMPLOYED  IN  THE 
NIMROD  MR  MK  2  WEAPON  SYSTEM  PERFORMANCE  TRIALS 

by 

Squadron  Leader  L  M  Dutton 
Aeroplane  &  Armament  Experimental  Establishment 
Boscombe  Down,  Salisbury,  SP4  OJF,  UK 


'The  Nimrod  MR.  Mk  2  represents  a  large  step  forward  in  Anti  Submarine  Warfare  (ASW) 
tecnnolc«v  '•  The  aircraft  operators  therefore" need  to  know  not  only  hew  accurately  the 
new  oya.ems  and  sensors'  work,  but  also  the  best  ways  in  which  to  use  the  overall  system 
as  a  fighting  machine.  A&AEI  Boscombe  Down  and  the  RAF  Central  Tactics  and  Trials 
Organisation  therefore^ joined  forces  to  assess  the  ASW  performance  of  the  Nimrod  in  a3 
near  an  operational  environment  as  possible. 


The  paper  shows  how  the  potential  accuracy  of  the  Nimrod’s  ASW  systems  had  to  be 
matched  by  the  precision  of  trials  data  collection,  in  the  air  and  both  on  and  below 
the  sea  surface.  To  gain  such  precision,  the  aircraft  were  extensively  instrumented 
and  the  majority  of  the  trial  c  were  conducted  at  the -Atlantic  Undersea  Test  and^-  -1  ~J  ' 
Evaluation  Centre  (AUTEC,  Range  at  Andros  Island -in  the  Bahamas. 


The  paper  continues  b>  explaining  how  the  trials  analysis  technique  had  to  match  the 
variety  of  combinations'  of  the  data  which  were  needed  'to  make  a  statement  on  overall 
system  performance. 


The  paper  concludes  by  looking  to  the  'fliture  in  the  Nimrod  trials  programme  and  shows 
how  forward  trials  planning  i3  drawing  heavily  on  experience  gained  so  far. 


1  INTRODUCTION 

1.1  The  Nimrod  MR  Mk  2  aircraft,  which  .entered  squadron  service  with  the  Royal 
Air  Force  in  1979,  is  a  complex,  digital  computer  based,  weapon  system.  Early  trials 
by  A6AEE  Boscombe  Down  cleared  the-  aircraft's  systems  as  safe  to  operate,  and  verified 
that  the  equipment  gave  "sensible"  information.  The  trials  also  gave  a  limited 
statement  of  sub-system  and  sensor  performance.  However,  it  was  recognised  'early  in 
the  development  of  the  aircraft  that  the  complexity  of  the  interactions  between  the 
overall  system,  its  operators  and  the  operational  environment  would  make  it  difficult 
to  provide  a  simple  description  of  the  performance  of  the  overall  system  in  analytical  • 
terms.  Consequently,  immediately  following  the  Controller  of  Aircraft  Release  (CA 
Release)  trials,  a  trials  phase  was, begun  which  attempted  to  measure  the  performance  of 
the  overall  weapon  system  in  as  near  an  operational  environment  as  possible.  This 
phase  was  entitled  the  Weapon  System  Performance  Trials  (WSPT). 

1.2  Any  WSPT  results  a're  clearly  dependent  upon  the  system  configuration 
standards  at  the  time  of  the  trials  and  consequently  any  changes  to  hardware  or 
software  could  significantly  affect  performance  statements.  The  V.’SPT  must  therefore  be 
seer  as  an  on-going  trials  requirement  which  will  continue,  in  one,  form  or  another, 
throughout  the  in-service  life  of  the  aircraft,  because  software,  and  to  a  lesser 
extent  hardware,  will  continually  be  updated,  developed  and  improved  in  an  effort  to 
match  the  operational  squadrons’  requirements. 

K 3  Because  of  the  continuing  requirement  for  system  performance  trials,  future 
trial  aims  and  techniques  will  necessarily  need  to  develop  alongside  the  system. 
However,  there  are  some  underlying  simple  common  principles  in  the  trials  methodology 
to-date  which  have  proved  successful,  and  should  provide  a  c-uind  foundation  for  future 
trials  planning. 

1.4  The  aim  of  this  paoer  is  therefore  to  state  thes*  simple  principles  and 
explain  in  some  detail  how  they  have  been  used  to  good  effect  during  the  Nimrod  WSPT 
to-date. 

2  THE  SYSTEM  UNDER  TEST  When  the  Maritime  Reconnaissance  (MR)  Nimrod  was  upgraded 
from  Mk  1  to  Mk'  2  status,  the  major  improvements  were  ir.  the  sensors  and  tactical  sub¬ 
systems.  Extensive  use  was  made  of  digital  data  processing  to  improve  .the  radar, 
acoustic  and  Electronic  Support  Measures  (ESM)  sensor  systems;  and  for  the,,  first  time 
these  sensors  were  linked  directly  to  the  central  tactical  computer.  Before  we 
consider  the  integrated  system,  it  is  worth  considering  each  sub-system  in  turn. 


2.1  THE  AQS  901  ACOUSTIC  PROCESSORS  Figure  1  shows  the  twin  Marconi  AQS  901 
acoustic  orocas3ing  suite.  Each  AQS  901  has  two  Video  Display  Units  (VDUs)  and  two 
Hard  Copy  Units  (HCUs)  on  either  of  which  acoustic  data  is  presented  .to  the  operator. 
Between  the  two  systems  is  situated  a  co-ordinators  station  at  which  a  dedicated  VUU  is 
situated  with  an  associated  control  keyboard.  The  AQS  901s  can  be  operated  either 
singiy  or  a3  a  combined  system.  Each  AQS  901  is  controlled  by  a  GEC/Merconi  920 
Advanced  Tactical  Conputer  (ATC)  and  can  process  data  from  a  variety  of  active  and 
passive  sonobuoys.  From  data  displayed  to  the  operator,  the  crew  are  able  to  detect 
and  classify  acoustic  targets  and  obtain  range  and  bearing  information  which  can  be 
passed  directly  to  the  central  tactical  computing  system. 

2.2  THE  SEARCHWATER  RADAR  Figure  2  shows  the  Thorn -EMI  Electronics 
Searchwater  Radar.  The  radar  is  Controlled  by  a  Ferranti  1600D  digital  computer  and 
offers  multiple  target  tracking  and  an  identification  capability  which  allcws  the 
outline  of  targets  to  be  studied,  even  at  long  range.  The  radar  was  specifically 
designed  for  the  maritime  role  and  gives  high  detection  and  tracking  performance,  even 
in  high  sea  states.  The  system  incorporates  IFF  to  aid  classification  and  also  has 
air-to-air  and  weather  modes.  Targets  of  interest  and  their  associated  data  can  be 
passed  directly  to  the  central  tactical  confuting  system. 

2.3  THE  LORAL  101?A  ESM  Figure  3  shows  the  Loral  1017A  Electronic  Support 
Measures  (SSM)  equipment.  The  system,  which  has  an  extremely  vide  RF  bandwidth,  works 
on  the  agile  superhet  principle  and  is  controlled  by  a  GEC-Marconi  920  ATC.  and  a  TI 
2520  digital  conputer.  The  ESM  gives  the  crew  radar  warning,  classification  and  DF 
facilities  throughout  the  RF  passband,  and  is  capable  of  passing  all  relevant  data  to 
the  central  tactical  computing  system. 

2.«  THE  CENTRAL  TACTICAL  SYSTEM  Figure  4  shows  the  central  tactical, 
confuting  system  (CTS).  The  system  is  capable  of  taking  inputs  from  the  aircraft's 
sensors,  including  the  AQS  901s,  the  Searchwater  and  ESM.  The  system  has  its  own  920 
ATC  digital  computer  and  is  used  to  database  and  display  the  tactical  information. 

Also,  by  adding  information  from  the  navigation  system,  the  tactical  navigator  is  then 
able  to  use  the  CTS  to  aid  his  tactical  management  of  the  overall  aircraft .weapon 
system.  _ 

2.5  THE  INTEGRATED  SYSTEM  Hie  4  sub-systems  discussed  above  are  connected 
together  aa  a  conplex  tactical  data  system.  The  overall  system  is  summarised  in  Figure 
5.  This  system  represents  the  majority  of  the  aircraft  systems  under  test  in  the  WSPT. 
Points  worthy  of  note  are,  firstly  that  there  is  no  overall  control  by  a  single 
software  program,  each  ub-aystem  is  under  the  control  of  a  host  program. 
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FIGURE  5  -  NIMROD  MR  MK  2  -  MAIN  TACTICAL  COMPUTING  LAYOUT 


Secondly,  the  interfaces  between  the  sub-systems  impose  an  extra  layer  ef  difficulty  on 
system  trials  because  if  any  faults  were  to  emerge,  it  .is  possible-  that  the  fault  could 
be  rooted  in  one  system,  yet  show  up  in  another.  Thirdly,  the  p rogr a cl-s  in,  the  4 
-ub-systems  are  updated  when  required  and  not  all  at  the  same  time,  tlvisr  controlling 
the  interface  eorqoatibi  lit  ies  is  a  complex  problem.  This  last  paint  slt-tr  had  trials 
relevance  in  that  any  trial  results  would  only  be  valid  for  their  corresonniing 
sub-systems'  software  standard.  In  summary,  the  trials  team  recognised  -that  the  N’imrcd 
Mk  2‘s  tactical  computing  systems  were  extremely  complicated  both  indivil cal ly  and  as 
an  integrated  weapon  system.  In  order  to  measure-  and  understand  the  ope rax. tin  of  such 
a  system,  the  trials  would  need  to  be  cf  equal  or  perhaps  greater  complexity. 

3  TRIALS  PHILOSCr H  ' 

3.1  THE  DIVISION  OF  EFFORT  The  trials  needed  to  measure  the  performance  of 
the  aircraft  in  its  many  maritime  roles.  Because  of  the  large  amount  of  effort 
involved,  the  trials  activity  was  divided  between  AS.AEE  and  the  Royal  Air  Force's 
Central  Tactics  and  Trials  Organisation  (CTTO).  A&AEE's  work  revolved'  around  the 
aircraft's  Anti-Submarine  Warfare  (ASW)  role.  This  paper  deals  'only  with,  those  trials 
methods  employed  in  A&AEE  trials. 

3.2  ACCURACY  REQUIREMENTS  The  systems  under  test  contain  complex  computer 
algorithms  and  are  capable  of  high  accuracy  both  as  sensors  and  tracking  systems.  If 
there  were  to  be  any  confidence  in  the  trials  results,  extremely  accurate  datums  would 
have  to  be  employed  when  measuring  system  errors.  Traditional  open  e-.jan  type  trials 
were  sufficient  for  many  of  the  trial  aims,  particularly  in  the  ea.ty  days  of  the 
trials,  but  datum  accuracies  in  the  open  ocean  were  not  high  enough  to  enable  position 
and  time  to  be  correlated  sufficiently  well  for  detailed  performance  measurement.  An 
instrumented  range  was  therefore  necessary  where  both  the  aircraft,  buoys,  submarine 
and  any  other  maritime  vehicles  could  be  continuously  tracked  to  extremely  high  orders 
of  accuracy,  and  where  time  could  be  accurately  related  to  all  trials  events. 

3.3  THE  TRIA.LS  ENVIRONMENT  The  first  trials  undertaker  were  those  on  the 
acoustic  processing  rystem.  In  order  to  measure  the  performance  of  the  system,  it  was 
necessary  to  compare  the  system's  estimates  of  target  parameters  derived  from  the 
aqoustir  properties  of  the  target  and  environment,  with  actual  conditions.  Clearly 
this  task  could  only  be  carried  out  with  any  confidence  if  the  acoustic  properties  of 
both  the  target  and  the  environment  were  at  best  under  full  control  or  at  worst  fully 
understood  by  the  trials  team.  Such  a  requirement  again  pointed  towards  the  need  for 
the  detailed  trials  work  to  take  place  on  an  underwater  range,  under  closely  controlled 
conditions.  Such  an  argument  would  also  justify  the  n-.ed  for  trials  on  the  ESM  system 
to  take  place  on  a  closely  controlled  range,  though  in  that  case  it  would  be  the  RR 
environment  which  would  need  to  be  fully  understood  or  controlled. 

3.4  INSTRUMENTATION  Instrumentation  in  the  Nimrod's  operational  fit  is 
sparse.  There  are  2  tape  recorders,  used  to  record  data  streams  from  various  systems 
in  order  to  provide  data  of  operational  relevance  for  post  flight  analysis.  Such 
operationally-orientated  instrumentation  facilities  needed  to  be  supplemented,  net  only 
to  record  extra  data  from  the  aircraft's  data  streams,  but  also  to  record  dedicated 
trials  data  which  was  generated  by  purpose  built  instrumentation.  Much  of  the  special 
instrumentation  was  provided  to  ensure  extremely  accurate  time  synchronisation  between 
all  the  systems  within  the  aircraft  and  also  between  the  aircraft  and  the  Tange 

,  conq?uter3.  Also,  with  much  of  the  data  being  presented  to  the  crew  on  video  screens, 
it  was  possible  to  fit  viaeo  recorders  to  record  actual  data,  as  presented  to  the 
operator.  In  summary  the  instrumentation  suite  was  extensive,  but  essential  ,if  the 
full  perfprmance  df  the  overall  system  was  to  be  analysed  in  minute  detail. 

3.5  TRIALS  A.NALYSIS  It  was  recognised  at  an  early  stage^that  the  trials 
would  need  to  be  extremely  complex  if  they  were  to  measure  the  performance  of  such  a 
complicated  system.  It  was  also  recognised  that  some  performance  characteristics  would 
be  subtle  in  .their  effect  and  so  would  require  an  equal  or  greater  subtlety  of  analysis 
if  effects  were' to  be  isolated.  In  recognition  of  the  large  analysis  effort  which 
would  be  necessary,  the  trials  team  contained  several  scientists  whose  activities  were 
dedicated  to  the  analysis  tasks,  and  Air  Force  trials  officers  were  assigned  to  systems 
of  their  own  professional  specialisation.  Also,,  the  team  acquired  a  GEC  4070 
mini-coiqauter  which  was  rlso  dedicated  to  the  analysis  of  MR  Nimrod  trials.  The  trials 
team  of  12  people  represented  a  large  team  by  ASAEE  standards  but  "as  absolutely 
essential  for  trials  on  a  system  of  such  complexity. 

4  CONTROL  OF  THE  ENVIRONMENT  At  the  outset  of  the  trials  it  was  agreed'  that 
highly  accurate,  well  calibrated  ranges  were  probably  the  only  environments:  in  which 
there  would  be  a  nance  of  obtaining  data  under  very  closely  controlled  conditions. 

Such  knowledge  about,  and  control  of,  the  environment  would  be  essential  if  the  effects 
of  system  and  environment  were  ever  to  be  separated  ir.  the  analysis  of  the  trials.  For 
trialling  of  the  acoustics,  radar  and  central  tactical  systems,  the  range  chosen  was 
the  Atlantic  Undersea  Test  and  Evaluation  Centre  (AUTEC)  Range  at  Andros  Island  in  the 
Bahamas.  The  Range  is  controlled  by  the  US  Navy  but  the  UK  is  a  frequent  range  user. 
The  geographic  layout  of  the  AUTEC  Ranges  is  shown  at  Figure  6. 
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FIGURE  6  -  AREA  MAP  -  AUI  EC  RANGES 

The  system  performance  trialling  toe’*  place  in  the  I  aponi  Range,  which  is  a  3~L>  under¬ 
water  an  I  in-air  tracXin  range>  situated  close  to  e  eastern  coact  of  Andros  Island. 
Respite  its  proximity  t  and,  the  range  water  is,  on  everage,  800  fathoms  deep,  thus 
enabling  deep  water  scenarios  to  be  trialled,  under  the  cloce  tracking,  control  and 
supervision  of  the  ->nqe. 

4.  1  CONTROL  OF  THE  UNDERWATER  ACOUSTIC  ENVIRONEMNT 

4.1.1  THE  SUBMARINE  For  the  trials,  the  target  submarine  was.  fitted 
with  a  noise  generator,  capable  of  emitting  a  variety  of  acoustic  frequencies, 
■controllable  in  acoustic  pewer  output  and  frequency  stability.  The  acoustic  power 
“polar  plot"  of  this  system  was  then  carefully  measured  on  an  underwater  acoustic 
range.  Thus  the  submarine  used  in  the  trial  was  .a  calibrated  and  controllable  sound 
source. 

4.1.2  AMBIENT  ACOUSTIC  NOISE  .  The  Autec  Rangiss  are  surrounded,  on  3 
sides,  by  extremely  shallcw  water,  hence  there  is  no  acoustic  noise  oericrated  by  heavy 
transiting  surface  traffic,  other  than  Range  users.  Therefor*,  acoustic  interference 
is  light.  The  sources  of  such  interference  are  easily  lndcntified  and  can  ne  catered 
tor  in  trials  analysis.  Thus  in  the  analysis,  effects  caused  by  syetem  and  environment 
could  be  measured  and  separated. 

4.1.3  BATHYTHERMAI,  MEASUREMENTS  Water  conditions  have  a  mark-  1  effect 
upon  any  acoustic  system’s  performance.  Detailed  knowledge  of  the  acoustic  cu.  Itlons 
is  therefore  essential  for  any  credible  analysis  of  acoustic  flats.  During  trial 
serials  the  Range,  surface  units  and  toe  aircraft  were  able  to  take  frequent  bathy- 
therma l;  soundings  for  use  in  the  analysis. 
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and  the  aircraft.  This  was  partic-jiariy  difficult  since  the  sub.raritJ  target  vas  not 
m  radio  contact  with  the  aircraft  and  hence  synchronisation  ctf  atrti-Ofrt  could  only  be 
achieved  by  th«  strictest  adherence  to  timing  schedules  and  the  rrati  -clous  recording  of 
tic.es  of  significant  events.  Timing  accuracies  of  1  second  were  aimed  far  when  timing 
occurences  such  as  the  submarine's  masts  bre-'.king  the  water  line. 

5  •  DAT’JM  REQUIREMENTS 

5.1  TIME  SYNCHRONISATION  With  data  being  collected  both  in  the  aircraft  and 
on  the  range,  it  was  essential  that  the  two  data  sources  should  be  tine  synchronised. 
Time  syrschi  onisation  procedures  using  manual  events  and  tine  ‘narV  calls  on  V/UHF 
would  only  have  provided  a  1  to  2  second  accuracy  of  time  lock.  This  was  considered 
inadequate  since  the  aircraft  travels  400  feat  or  so  every  second  and  any  time  lock 
error  would  result  in  a  large  and  unknown  data  offset  between  the  range  and  the 
aircraft.  The  trials  team  considered  that  40  feet  would  be  the  maximum  alalowable 
error  on  aircraft  data  due  to  time  offsets  and  a  technique  which  would  ensure  time 
locking  to  an  accuracy  of  1/io  second  or  better  was  therefore  specified.  In 
retrospect,  this  figure  was  fortunate  choice  since  it  equals  the  tactical  system 
computer  cycle  time.  9o.  if  time  synchronisation  could  be  achieved  within  a  CTS 
computer  cycle,  the  aircraft  and  Range  data  would  be  synchronised  to  V/’Q  sec  at  the 
worst,  and  probably  to  a  smaller  figure. 

5.2  TRACKING  DATUM  Detailed  knowledge  of  the  trial  vehicle*'  relative  and 
absolute  oositions  is  essential  for  trials' which  intend  tc  separate  the  constituent 
errors  cf  any  weapon  system.  Trials  at  the  AUTEC  Ranges  presented  a  ne*  problem  to  the 
trials  team,  because  although  the  AUTEC  standard  facilities  could  trade  both  the 
aircraft  end  the  submarine  very  accurately,  the  sonobuoys,  which  drift,  at  the  mercy  o* 
wind  and  tide,  could  not  be  tracked  by  the  Ranqe  facilities.  Continuous  knowledge  of 
sonobuoy  position  is  clearly  essential  because  the  buoy  is  the  link' between  the 
aircraft  and  submarine  and  an  integral  part  of  the  syste*  under  test.  A  new  approach 
was  therefore  needed,  since  tracking  the  buoys  during  previous  trials,  had  not  been 
found  possible,  with  any  level  of  accuracy. 

5.2.1  TRACKING  THE  AIRCRAFT  One  of  the  trial  aim*  was;  to  separate  the 
constituent  errors  of  the  aircraft's  attack  error  budget.  In  order  to  do  this  it  was 
necessary  to  study  the  behaviour  of  the  aircraft  at  critical  stages  in  its  tactical 
operation.  The  aircraft's  navigation  system  was  subject  to  system  dpi  ft  and  therefore 
not  accurate  enouqh  to  provide  the  level  or  position  accuracy  required.  The  aircraft' 
was  therefore' tracked  by  ,inq«  tracking  radars  throughout  the  trials.  Exceptional 
positional  accuracy  was  obtained  by  using  an  I-band  radar  tracking  transponder  on  the 
aircraft.  It  was  therefore  possible  to  measure  navigation  system  drift  and  accurate 
attack  geometries. 

5.2.2  TRACKING  THE  SUBMARINE  Obtaining  an  accurate  submarine  datum 
track  i3  one'of  the  most  difficult  parts  of  maritime  trials.  Such  tracking  facilities 
are  only  available  on  a  very  small  number  of  underwater  tracking  range*.  On  the  AUTEC 
Weapons  Range,  the  undersea  range  floor  is  covered  with  tracking  hydrophones,  and  the 
trial  submarine  is  fitted  with  an  acoustic  transponder  or  pinger.  By  measuring  the 
time  difference,  by  which  the  transponder's  pings  arrivs  at  the  hydrophones,  the 
submarine  can  be  tracked  in  position  and  speed  in  3  dimensions.  Very  high  data  rates 
a-e  possible  ard  an  extremely  accurate  submarine  datum  plot  can  be  obtained. 

5.2.3  SONOfitJDY  TRACKING  The  WSFT  included  trials  which' used  new  types 
of  directional  and  ranging  sonobuoys.  It  was  consideted  particular ly-  ingiortant  that 
the  performance  of  tne  buoys  should  be  measured  accurately.  This  detailed  knowledge 
would  then  be  a  baseline  against  which  system  performance  statements  could  be  made.  In 
order  to  make  accurate  measurements  of  cuoy  bearing  or  range  errors  it  was  necessary  to 
track  both  the  submarine  and  socobuoy  throughout  a  trial  serial.  This  was  the  first 
time  that  ma-itime  trials  h«d  tracked  the  sonobuoys  as  it  was  previously  considered  too 
difficult.  However,  Figure  7  is  a  graphic  justification  of  the  aosalute  necessity  for 
buoy  tracking  if  any  credible  statement  is  to  be  made  on  bearing  or  range  errors.  The 
figure  shoa s  the  progress  of  3  sonobuoys  during  the  period  that  the  submarine  transited 
from  the  start  of  the  track  shown,  to  the  finish.  If  the  buoy  drifts  ha<l  not  been 
accounted  for.  then  buoy  bearing  or  bang#  error  distributions  would  clearly  have  been 
meaningless. 
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FIGURE  7  -  WS'TT  SERIAL  SUBMARINE  AND  SONOBHOYS  SURFACE  DATUM  PLOT 

Because  the  AUTEC  Range  has  very  United  sonobuoy  tracking  capabilities,  a  sonobuoy 
tracking  technique  was  developed  which  involved  the  aircraft  flying  overhead  the  buoys 
and  taking  photographs  as  it  passed  through  the  on-top-  Once  the  buoy  was  identified, 
on  the  film  the  buoys  position  in  the  picture  was  carefully  measured.  Then,  with 
knowledge  of  aircraft  datum  position,  aircraft  pitch,  roll,  heading  and  height,  an 
accurate  sonobuoy  position  could  be  calculated.  By  flying  successive  photographic  on- 
tops,  the  buoy  drift  vector  could  be  deduced.  Figure  8  shows  the  print-out  of  one  such 
plot  where  4  photographs  were  obtained  out  of  the  6  on  tope  which  follcm»ed  the  dfop. 
Sometimes,  for  variety  of  reasons,  such  as  sea  glint,  high  bank  angle,  etc,  it  was 
possible  that  tb»  buoy  could  not  be  seen  on  the  photograph.  However,  in  such  cases  the 
aircraft's  position  at  on-top  gave  a  close  approximation  to  the  buoy  position. 

Once  the  buoy  drift  vector  was  confuted  the  trials  analysis  programs  were  able  to 
compute  datum  ranges  or  bearings  with  great  accuracy  for  exact  times  when  the  acoustic 

system's  estimates  were  made. 

6  INSTRUMENTATION 

6.1  TIME  SYNCHRONISATION 

6.1.1  THE  SYSTEM  USED  Th e ' AUTEC  Ra nge  had  the  facility  to  transmit 

Range  master  time  on  V/UHF  using  IRIG-B  century  coded  format.  Special  aircraft 
instrumentation  was  built  to  decode  the  Range  time  signals  and,  on  the  full  minute 
synchronise  the  aircraft's  master  time  cods'  generator  (TCG)  with  Range  time. 

Typically,  synchronisations  were  accurate  to  1-3  milliseconds.  The  aircraft's 
corgsuters  were  then  synchronised  to  the  TCC  via  a  specially  built  link  which  provided 
extremely  fast  time  data  transfsr  to  the  tactical  system  via  a  high  level  interrupt. 

It  was  thts  interrupt  servicing  which  set  the  final  accuracy  figure  of  Vio  **c  or 
better  on  the  overall  accuracy  of  the  time  synchronisation  system. 


.  FIGURE  8  -  CALCULATION  OF  SONOBUOY  DRIFT  VECTOR  BY  PHOTOGRAPHIC  ON-TOP  METHOD 

6.1.2  TONE  EVENTS  Within  each  serial  there  were  usually  around  20-30 
events  which  were  extremely  significant  for  trials  purposes.  Such  events  could  be  buoy 
on-tcps,  attacks,  sensor  node  changes  etc.  The  aircraft  was  fitted  with  a  tone 
generation  system  which  could  be  triggered  either  manually  or  in  some  cases 

automat ica 1 ly  by  tactical  systems.  At  the  event,  a  l  KHr  tone  lasting  1  second  was 
transmitted  to  the  Range.  On  reception  of  the. tone,  the  Range  computers  automatically 
output  snapshots  of  lata  for  the  event  time.  This  facility  was  particularly  useful  for 
quick-look  (analysis  and  also  gave  trial  managers  quick  reference  to  critical  areas  of 
data.  , 

6.2  .  DATA  RECORDING 

6.2.1  INSTRUMENTATION  RECORDERS  The  aircraft’s  main  instrumentation 
recorder  was  a  14  track  Wideband-2  AMPEX  tape  recorner.  This  recorder  was  used  to 
record  the  various  tactical  lata  streams,  the  Various  navigational  data  streams, 
tone-events,  IRIG-B  time,  intercom  and  V/UHF  radios.  The  trials  also  used  the 
aircraft's  operational  recorders,  which  not  only  provided  a  limitied  back-up  facility 
for  the  main  instrumentation  recorltr  but  also  recorded  raw  acoustic  data  from  some  of 
the  sonobuoya.  Because  the  operational  recorders  do  not  record  raw  acoustic  data  from 
all  the  buoys  in  use,  a  further  Widsband-2  AMPEX  recorder  was  fitted  to  enable  '  , 
recording  of  raw  acoustic  data  from  all  buoys  used  in  the  trials.  Paragraph  7.1 
explains  why  this  data  was  required. 

_  6.2.2  recouping  RADAR  DATA  One  of  the  main  problems  with  radar  trials 

was  that  of  separating  the  performance  of  the  radar  and  the  operator.  To  assist  the 
trials  officer's  task,  a  video  tape  recorder  was  used  to  record  the  radar  screen* 
throughout  the  trials  period  so  that  post-flight,  the  operator’s  assessment,  was 
compared  .wl t h  the  recording,  which  could  he  examined  in  some  detail. 

6.2.3  KEYING  ACTIONS  All  the  4  major  nub-systems  under  test  have 
keyboards  and  switches  which  provlds  th#  control  interfac#  between  the  equipment  and 
the  operator.  For-unately  for  the  trials  team,  the  equipment  incorporated  records  of 
keying  and  switching  actions  in  their  data  etreams.  Such  i n format  Ion  was  of  great 
value,  and  in  the  anatyeis  phaee  frequently  helped  resolve  conflicting  data  records. 

■  6.2.4  HAND-HELD  TAPE  RECORDERS  During  early  trials,  Ui«  trials 

officers  had  noticed  a  problem  peculiar  to  worktnq  on  systems  whsrs  most  o.  "he 
information  output  to  a  crew  member  was  on  video,  d Ispl v/s.  ,  The  trials  team  ton  'd  that- 
if  they  looked  away  whilst  recording  data  on  paper,  they  were  unable  to  follow  dynamic 
changes  in  the  data  and  much  information  was  lost.  For  this  reason,  the  trials 


it  was  possible  to  make  detailed  notes  fro®  the  playback  of  the  tapes. 

6.2.5  HAND-HELD  CAMERAS  There  were  times  during  the  trials  when  the 
entire  contents  of  video  screens'  were  required,  more  particularly  when  the  data  needed 
subjective  appraisal.  For  this  purpose  the  trials  team' used  hand-held  cameras.  35  mm 
cameras  were  generally  used  to  provide  data  for  post-flight  analysis,  but  Polaroid 
cameras  were  extremely  useful  for  instant  reference  to  data  during  the  trials  3ortie. 

6.2.6  WRITTEN  NOTES  Despite  all  the  high  technology  data  recording 
systems,  the  trials  officers  still  made  copious  notes  as  the  trials  progressed.  The 
notes  were,  however,  more  skeleton  notes  than  the  detailed  type  necessary  when 
automatic  data  recording  is  not  employed. 

6.3  VERTICAL  CAMERAS  Paragraph  5.2.3  describes  the  technique  by  which 
scnobuoy3  were  photographed  using  vertical  cameras  in  order  to  calculate  buoy  drift 
vectors.  The  cameras  were  F135  twin  spool  cameras  using  Kodak  Ekt a chrome  colour 
reversal  film.  The  cameras  wero  extensively  modified  for  trials  purposes.  As  the 
aircraft  flew  close  to  the  on-top  position  of  a  sonobuoy,  the  camera  was  switched  on. 

As  the  film  passed  through  the  camera.  3  fibre  optic  leads  printed  time  codes  onto  the 
film  at  1  Hr,  10  Hr  and  100  Hz.  As  the  aircraft  passed  through  the  on-top  position, 
the  buoy  homer  registered  the  on-top  event  and  passed  an  event  pulse  to  the 
instrumentation  and  to  the  camera  interface.  On  receipt  of  the  pulse  at  the  camera,  an 

extra  fibre  optic  lead  marked  the  film  at  the  event  time.  The  time  code  then  stopped 

and  the  event  time  was  printed  out  in  alpha-numeric  form  on  the  film',  using  the  4  fibre 
optic  leads.  From  the  time  track  it  was  thus  possible  to  deduce  the  exact  time  of  the 

event  time  and  the  camera  shutter  time  of  the  picture  contaning  the  buoy  image. The 

on-top  event  marker  on  the  film  also  focussed  attention  in  the  most  .’iksly  area  for 
finding  the  very  small,  image  of  the  sonobuoy. 

7  ANALYSIS  FACILITIES 

7.1  DATA  REPLAY  It  is  possible  for  the  aircraft's  acoustic  processing  system 
to  process  the  acoustic  data,  from  the  sonobuoys,  in  several  ways.  When  flying  on 
range,  the  acoustic  data  is  processed  in  on*  mode,  and  then  because  the  raw  sonobuoy 
data  is  recorded,  it  is  possible  to  re-process  the  data  in  another  or  perhaps  several 
other  modes  post-flight.  By  adopting  this  technique,  the  various  modes  ,of  processing 
can  be  coapared  directly  since  all  other  factors  are  exactly  the  same  between 
processing  modes.  This  i*  particularly  important  because  small  change*  in  oceano¬ 
graphic  conditions  can  have  quite  large  effects  on  system  performance.  However,  replay 
from  r ' w  data  is  not  quite  as  straightforward  as  it  may  seem,  and  a  replay  interface  ia 
required  The  interface  contains  bit-synchror.isers  and  de-flutter  buffers,  plus  time 
synch . onlsat ion  devicss  to  snsur#  that  the  data  presented  to  the  AQS  901  acoustic 
processor  is  of  exactly  the  same  quality  as  that  gsneratsd  in  flight.  The  full  system 
is  shown  diagramat lea  1 ly  at  Figure  9.  Th*  figure  shows  data  being  replayed  on  a 
28-track  tape  recorder,  and  being  immediately  split  Into  two  paths,  pns 'for  digi  ;.al ly- 
coded  data  and  on*  for  analogic.  Analogue  data  is  relatively  easy  to  deal  with,  and 
can  be  passed  directly  to  th*  replay  system,  whereas  digital  data  has  to  pass  through 
th*  bit  synchroniser  and  de-flutter  buffers  to  ensure  perfect  timing  of  th*  data.  Th* 
.figure  shows  tha  two  possible  replay  configurations,  one  where  the  aircraft  may  be  used  . 
as  a  full  rsplay  system  and  th#  other  where  dedicated  rig#  are  used.  Th*  rig  method 
tends  to  be  used  for  th*  more  clinical  analysis  scenarios,  whereas  th#  aircraft  can  be 
used  with  all  systems  running  to  provide  full  data  bus  loading*  and  mors  complex 
scenarios.  Either  system  generates  data  tapes  which  provide  flight-quality  data.  Th# 
replay  system  Is  an  extremely  powerful  trials  facility,  and  can  ba  used  to  measure  th* 
effects  of  any  aircraft  system  change.  Th*  aircraft's  hardware  and  software  are 
subject  to  continual  change  and  Improvement,  and  relative  performance  measurements  are 
possible  using' the  replay  system  oh  "benchmark*  runs  with  standard  and  well  understood 
data.  It  is  this  sort  of  long  term  testing  capabi lity  whicli  makes  th*  replay  system  an 
.extresiely^  cost-effect  lv#  trials  facility. 

7.2  DATA  ANALYSIS 

7.2.1  ANALYSIS  TASK  OUTLINE  In  outline,,  the  data  analysis  first  merged 
data  from  several  aturces  (th#  Range,  instrumentation  and  various  aircraft  systems) 
and  secondly,  calculated  system  performance.  Data  from  thealrcraft  cam*  mainly  from 
tb*  14-track  lnetrum*ntat Ion  tap*  which  contained  various  data  streams  and  an  accurate 
time  reference.-  Data  from  the  AliTEC  Range  was  time,  position  and  velocity  for  all  the 
trial  vehicles,  recorded  at  l-sscond  Intervals.  In  addition,  data  from  th#  sonobuoy 
photographic  analysis  was  Included.  In  the  1982  trials,  21  sorties  were  planned,  each 
of  7  hours  data  collection  time.  It  was  therefor#  clear  that  caking  tha  best  us*  of 
all  th#  data  gathered  would  be  a  substantial  task.  Reliance  o»»  automated  data  analysis 
by  d  igital  cosputsr  was  therefore  essential'. 


FIGURE  9  -  NIMROD  MR  MK  2  ACOUSTIC  SYSTEM  TRIALS  REPLAY  FACILITY 


7.2.2  ANALYSIS  DATA  STRUCTURE  When  preparing  the  data  structure  and 
program*  (or  the  analysis  of  the  WSPT<  the  trials  team  was  faced  with  a  ma-jor  problem. 
With  around  two  years  of  preparation  time,  there  was  ample  time  to  prepe  th*  analysis 
software.  However,  the  systems  under  test  were  new  and  their  performance,  ,  a J though 
understood  in  principle,  were  only  broadly  understood  in  detail.  It  was  expected  that 
such  a  large  and  complex  overall,  system  would  exhibit  not  only  its  planned  character¬ 
istics,  but  also  some  emergent  properties  due  to  unforseen  feedback  loops  within  the 
system,  possible  faults  or  even  non-standard  operating  methods.  Analysis  techniques 
were  needed  therefore  which  gave  the  trials  officers  flexibility  in  their  analysis 
a  iproach.  Certainly,  standard  statistical  error  calculating  and  plotting  routines 
would  ,be  necessary  but  it  was  recognised  at  an  early  stage  that  the  most  difficult  job 
would  be  that  of  co  piling  the  list's  of  data  from  which  the  error  and  behaviour 
statistics  would  be  generated.  The  trials  were  expected  to  generate  vast  quantities  of 
lata,  some  of  which  would  be  needed  in  many  analyses  and  some  which  would  be  used  in 
one  type  of  analysis  only.'  Similarly,, it  was  forseen  that  much  data  would  be  rejected 
for  a  variety  of  reasons,  as  is  normal  ip  trials  of  this  nature.  For  the  above 
reasons,  a  database  fdrmat  was  chosen  for  the  trie'  data.  The  pre-trial  activity  was 
therefore  concentrated  in  the  production  of  proqranu  wnich  would  merge,  sift  and  smooth 
lata  in  orler  to  produce  several  databases.  Each  database  would  contain  data  relating 
to  a  general  trials  area,  for  example:  data  from  one  type  of  sonohuoy-  Routines  were 
prepared  which  allowed  the  trial3  officers  swift  access  to  the  databases,  ease  of 
editing  capabilities  and  abilities  to  compute  and  plot  error  statistics  on  specified 
parts  of  the  database  under  analysis.  Figure  10  shows  the  data  flows  in  constructing 
some  of  the  databases.  Pre-trial  activity  centred  on  Hie  programs  shown  in  the  figure, 
which  is  otcwn  to  give  some  idea  of  the  complexity  of  the  task  necessary  to  generate 
the  databases. 


the  2  kra  of  film,  searching  for  the  sonobuoys,  to  calculate  their  drift  vecotre.  Once 
that  tedious  task  was  completed  the  database  generation  proceeded  swiftly.  As 
expected,  much  data  was  rejected  for  many  reasons  and  the  data  generated  many 
questions.  Ihe  main  task  of  the  analysis  team  at  this  stage  was  to  write  the 
application  programs  necessary  to  get  to  the  roots  of  the  unexpected  questions.  The 
analysis  flexibility  and  rapid  access  to  data  provided  by  the  database  has  proved  the 
technique  worthwhile  and  will  be  used  again  on  similar  trials  in  the  future. 

7.1.4  ANALYSIS  COMPUTING ’ CAPACITY  The  computing  facility  at  AlAEE 
usee  in  the  analysis  of  the  Nimrod  trials  is  a  GEC  4070  system.  The  major  benefit  of 
this  computer  is  that  it  is  the  same  system  as  used  by  the  research,  development  and 
operational  agencies  within  the  Nimrod  MR  Mk  2  project.  Software  used  by  all  the 
agencies  is  therefore  conpatible. 

8  FUTURE  TRIALS 

8.1  SYSTEM  UPDATES  Trials  activity  will  continue  for  some  time  in  the  manner 
described  in  this  paper.  This  is  because  there  will  oe  a  continuous  trickle  of  new 
software  and  hardware,  the  purpose  of  which  is  to  improve  the  aircraft's  capability  in 
line  with  a  continuously  refined  requirement  by  the  Royal  Air  Force.  Return  visits  to 
the  AUTEC  Ranges  are  already  planned  to  cover  those  scenarios  which  cannot  be  examined 
under  replay  conditions.  In  particular  new  types  of  sonobuoy  will  be  studied  and  new 
geometries  will  be  investigated.  Also,  because  during  replay,  the  effects  of  aircraft 
dynamics-on  the  overall  weapon  system  cannot  be  studied,  these  areas  of  trialling  are 
rightly  left  until  visits  to  instrumented  ranges  such  as  AUTEC. 

8. 2  TRIALS  ON  THE  LORAL  1017A  ESM  Trials  on  th  ;  Loral  1017A  ESM  are 
underway,  but  not  at  such  an  advanced  stage  as  Acoustics/CTS  trials.  It  is  interesting 
that  the  principles  underlying  the  planning  and  execution  of  the  Accustics/CTS  triala 
are  equally  valid  for  the  ESM/CTS  trials.  Much  effort  has  gone  into  identifying  what 
i*  felt  to  be  the  best  way  of  controlling  the  trials  environment  for  the  ESM.  Because 
of  the  nature  of  the  equipment,  the  wide  RF  spectrum  involved  and  the  long-range 
receiving  capability,  no  single  trials  environment  would  cover  all  the  trials 
requirements.  In  the  event,  3  controlled  environments  have  been  identified,  the  sum  of 
which  should  enable  a  detailed  performance  trial  to  be’ carried  out.  Again,  the  Ranges 
and  facilities  necessary  are  in  the  United  States,  as  no  comparable  facilities  have 
been  identified  in  Europe. 

8.2.1  THE  CHESAPEAKE  BAY  ELECTRONIC  WARFARE  TEST  RANGE  (CTR)  The  CTR, 
operated  by  the  US  Navy  at  Patuxent  River,  Maryland  has  the  ability  to  .track  the 
aircraft  throughout  its  period  on  range,  and  to  illuminate  the  aircraft  with  a  variety 
of  radars  whose  transmission  parameter  «  can  be  controlled  and  changed  to  give  adequate 
RF  coverage  across  the  paasband  of  the  equipment  under  test.  The  aircraft,  at  various 
distances  from  the  transmitters  will  analyse  thy  CTR  radars  in  a  very  dense  RF  environ¬ 
ment,  bearing  in  mind  that  the  East  Coast  of  the  USA  has  an  extremely  large  number  of 
radars,  both  military  and  civi}.  This  sector  of  the  trials  therefore  provides 
calibrated  emitters  and  aircraft  tracking  in  a  dense  RF  environment. 

8.2.2  ELECTRONIC  WARFARE  INSTRUMENTED  TEST  LABORATORY- (EWISTL)  The 
EWISTL,  also  at  Patuxent  River  would  be  the  next  logical  step  in  the  EW  trials.  The 
broad  operating  performance  data  and  DF  accuracy  would  have  been  ascertained  on  the  CTR 
phase,  and  this  data  would  provids  calibration  data  for  a  simulator  interface  at 
FWISTL.  The  EWISTL  computers  would  then  bi  able  to  generate  EW  scenarios,  pass  ths 
data  through  ths  calibrated  intsrfacs  and  then  in  through  the  aerials  for  processing  by 
the  aircraft's  ESM  system.  The  configuration  outline  of  the  EWISTL  facilities  are 
shown  in  Flgurs  11. 

Such  laboratory  conditions  represent  almost  total  control  of  the  environment*  the 
aircraft  and  simulator  ari  housed  in  an  RF  screened  hangar  so  electro-magnetic 
interference  should  be  minimal  (but  not  zero).  The  main  advantage  of  such  a  facility 
is  that  scenarios  can  be  generated,  ranging  from  a  single  pulse  to  a  complete  tactic. »1 
mission-  with  other  ships,  aircraft  or  whatever  is  desired.  The  (exact)  same  scenario 
will  be  run  as  many  times  as  required  on  different  software  standards  to  -optimise  ths 
flight,  proqrame.  Ones  ths  equipment's  performance  is  understood  in  detail,  then  the 
other  tactical  systems  will  be  switched  on  and  their  intsrfacs  links  openeg.  This  is 
an  inportant  stsp  because  the  ESM  has  the  capacity  to  generate  and  pass  very  large 
quantities  of  data  to  ths  CTS.  The  ESM/CTS  joint  systems,,  ones  connected  will  then  be 
the  subject  of  a  joint  trial  to  assess  overall  system  performance  with  the  environment 
under  full  control j 
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FIGURE  10  -  ANALYSIS  DATAFLOW  FOR  DATABASE  GENERATION 


8.2.3  EW  TRIALS  AT  AUTEC  T*- a  third  controlled  environment  for  EW 
triale  will  be  the  AUTEC  Ranges.  The  Ranges  at  AUTEC  can  be  regarded  in  much  the  same 
way  as  the  CTR  trials  phase,  but  with  a  much  quieter  RF  environment.  Because  of  the 
relatively  small  number  of  non-range  radars,  it  will  be  possible  to  obtain,  before  the 
trials,  details  of  their  transmission  parameters,  thus  giving  thfe  trials  team  a  fuller 
Knowledge  of  the  RF  environment  than  at  CTR.  Thu  ESN  will  then  be  abla  Lc  use  the 
calibrated  AUTEC  emitters  as  radars  for  the  EW- trial;  The  main  benefit  of  using  AUTEC, 
however,  is  that  the  aircraft  will  be  conducting  further  acoustics/CTS/Radar  trials  at 
the  same  time.  All  interfaces  will  be  opened  and  the  data  loading  will  be  varied  to 
check  ESM  performance  under  various  loads  on,  data  busses. 

8.3  NEW  INSTRUMENTATION  We  have  already  discussed  the  necessity  of  a  first- 
class  instrumentation  system  when  trialling  a  system  as  conplex  as  that  of  the  Nimrod. 
Much  of  the  instrumentation  used  in  trials  to  date  has  been  that  initially  used  in  the 
development  phase  of  the  aircraft's  systems.  Now  that  the  aircraft's  systems  are  fully 
developed  a  new  Integrated  instrumentation  system  is  in  the  process  of  being  built 
which  will  combine  and  record  all  the  aircraft's  tactical  data  streams.  The  new 
Instrumentation  system  is  Known  as  the  Maritime  Data  Acquisition  System  (MARDAS)  and 
can  be  fitted  in  a  front-line  aircraft  in  a  few  days'.  MARDAS  is  shown  diagramaticaily 
in  Figure  12.  The  system  is  being  designed  and  built  at  AfcAEE  and  will  be  used  to  ' 
support,  trials  for  at  least  the  nex*  10  years. 

The  system  is  controlled  uy' a  microprocessor  which  interrogates  the  various  input  data 
streams  and  compiles  a  1600  bit  per  inch  conputer-cong>atible  tape  (CCT)  in  flight.-  By 
generating  CCTs  in  flight,  the  analysis  .can  start  immediately  on  landing  and  thus  give 
an  enhanced  trials  management  facility.  This  system  will  run  in,  tandem  with  VTRs  for 
the  ESM  and  Searchwater  and  raw  data  recorders  for  the  acoustic. systems. 
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,  FIGURE  11  -  EVISTL  CONFIGURATION 

b  CONCLUSION  The  Nimrod  MR  Mk  2's  systems  demanded  a  high  level  of  complexity  in 
the  tr’als  methods  used  to  measure  their  per  formar.ce.  The  areas  of  greatest  trials 
concern  V-ere  firstly  the  control  and  understanding  of  the  sensor's  environments, 
secondly  the  high  accuracy  datum  requirements  in  time,  position  and  velocity,  third  the 
extensi-e  suite  of  instrumentation  necessary  to  record  all  the  data  and  finally  the 
■xter.sive  analysis  task  generated  by  the  trials.  Each  of  the  areas  of  concern 
contained  some  .■vsthoai  'or  techniques  never  before  employed  in  AiAEE  trials.  The 
techniques  overall  were  successful  and  the  future  trials  programme  is  drawing  heavily 
on  experience  gained  so  far. 
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^  ABSTRACT 

-^-Advances  in  Avionic  Systems  and  Display  Technologies  that  provide  a  night  attack 
capability  require  an  approach  to  testing  that  is  markedly  different  from  the  classical 
flight  test  approach.  Improvements  in  computers,  sensors  and  cockpit  displays  have  dic¬ 
tated  innovative  test  planning  to  insure  that  all  integrated  system  performance  require¬ 
ments  ape  fully  addressed.  7 

The  introduction  of  Wide  Field-of-View  (WFOV)  diffraction  opt'ics  Bead  up  Displays 
(HUDs)  provide  potentially  more  capability  than  has  been  previously  available.  A  direct  • 
head-up,  pilot-to-real-world  interface  via  video  raster  and  stroke  written  symbology  per¬ 
mits  low  level  maneuvering  flight  at  night  and  provides  at  least  a  survivable  capability. 
Integration  of  the  WFOV  HUD  with  the  F-16  a,nd  A-10  aircraft  provides  a  potentially  useful 
capability  that  could  make  single  seat  night  attack  a  realistic  and  effective  alternative. 

This  paper  examines  the  major  planning  activities  and  test  results  of  the  F-16  and 
A-10  HUD  evaluations  and  provides  a  synopsis  of  relevant  test  procedures  and  test  tech¬ 
niques  applicable  to  HUD  testing  in  general  and  night  video  raster  tea* ing  in  par¬ 
ticular.  The  unique  test  requirements  ard  safety  aspects  of  night  attack  system  testing 
are  also  addressed, and  lessons  learned  are  documented. 
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INTRODUCTION 

This  paper  presents  the  results  of  tho  flight  tests  to  verify  the  performance  usabi- 
3ity  and  acceptability  of  the  F-16  and  A-10  Wide  Field-of-View  (WFOV)  Head  up  Displays 
(HUDs)  manufactured  by  Marconi  Avionics  Limited,  Rochester,  Kent,  England.  The  tests 
were  conducted  at  the  Air  Force  "light  Test' Center  (AFFTC),  Edwards  Air  Force  Base, 
California,  from  12  August  1982  through  17  January  1S63  (for  the  P-16),  and  5  November 
1982  through  8  March  1983  (for  the  A-10).  The  P-16  test  effort  involved  107  test  sorties 
for  a  total  of  118.4  flight  hours  and  the  A-10  program  encompassed  45  test  sorties  and 
58.2  flight  hours. 

The  primary  objectives  of  the  flight  test  programs  were  to  verify  that  the  WFOV  HUDs 
were  functionally  equivalent  to  the  production  HUDs  installed  in  the  F-16A/B  and  A-10A 
aircraft.  For  the  purposes  of  these  evaluations,  functional  equivalency  was  defined  as: 


•The  condition  whereby  the  capabilities  of 
the  WFOV  HUD,  evaluated  over  all  functional 
.  •  areas,  are  equal  to  or  exceed  the  total 
capabilities  of  the  current  HUD."' 

Secondary  objective#  were  to  .evaluate  the  capabilities  of  the  WFOV  HUDs  to  display 
a'Forward  Looking  Infrared  (FLIR)  video  source.  These  efforts  included  an  evaluation  of 
the  pilot's  ability  to  interface  with  the  HUD  and  to  qualitatively  determine  the  perfor¬ 
mance  of  the  HUDs  in  the  .video  raster  mode.  *' 


BACKGROUND 

In  late  1980,  Headquarters,  Air  Force  Systems  Commanc 
evaluate  various  avionic  systems  applicable  to  the  night  . 
Review  of  Night  Attack.  Systems  program,  was  designed  to  e: 
wide  spectrum  of  nignt  attack  systems,  so  as  to  permit  th« 
luation  of  the  avionics  requirements  for  the  night  attack 
effort  provided  an  opportunity  to  consolidate  Air  Force  ei 
system  and  extrapolate  this  information  to  a  common  viewp< 
made  available  to  aid  the  Air  Force  in  making  critical  de< 
workload  trade-offs  in  the  night  attack  arena. 


I  (AFSC)  initiated  a  program  to 
ittack  mission.  The  Quick  Look 
:pose  evaluation  pilots  to  a 
m  to  make  a  comprehensive  eva- 
mission.  The  quick  look. test 
perience  with  specific  weapons 
int.  This  information  was  then 
isians  concerning  avionics  and 


The  quick  look  evaluation  encompassed  the  six  different  aircraft  and  seven  simula¬ 
tors  shown  in  Table  1.  Ths  program  spanned  the  spectrum  cf  night  attack  avionics  and, 
in  some  cases,  specific  avionics  systems  were  examined  in  sovgral  design  schemes.  The 
•hands-on*  epxerience  of  the  test  team  members  was  also  supplemented  by  discussions  with 
operators  who  routinely  used  the  equipment  in  their  night  operations. 

The  results  of  the  Quick  Look  evaluation  verified  the  effectiveness  of  some  specific 
night  attack  avionic  systems  and  confirmed  the  importance  of  the  Head  up  Display  (HUD)  in 
particular.  The  ability  to  overlay  flight  and  weapons  information  on  a  wide  angle  electro- 
optical  video  presentations  and  provide  that  information  to  the  pilot  via  a  Head  up 
Display  was  determined. to  provide  a  significant  advantage  for  conducting  effective  night 
attack  operations. 


TABLE  1  SUMMARY  OF  QUICK  LOOK  REVIEW  AIRCRAFT  AND  SIMULATORS 


AIRCRAFT 

CHASACTtPT«TICS 

SIMULATORS 

CHARACTERISTICS 

YA-7E 

BEST  EXAMPLE  OF  SINGLE 

SEAT  i i T GMT  ATTACK  AVIONICS 

AND  INTEGRATION 

F-16  LOW  ALTITUDE  NAVIGATION 
AND  TARGETING  INFRARED  FOR 
NIGHT  (LANTIRN) 

PROPOSED  CONFIGURATION 

AC-130 

CURRENT  NIGHT  ATTACK  AVIONICS 

F-15  STRIKE  EAGLE 

POTENTIAL  TWO  SEAT 

ALL  WEATHER 

HH-53 

PAVE  LOW 

AVIONICS  USED  IN  MIGHT  LOW 
ALTITUDE  OPERATIONS  (INCLUDES 
NIGHT  VISION  GOGGLES) 

F/A-18  HORNET 

NAVY  SINGLE  SEAT  NIGHT 
ATTACK 

RF-4C,  ARN-1C1 
PAVE  TACK 

SOPHISTICATED  NAVIGATION 

SYSTEM  INTEGRATED  WITH 

RADAR  AND  FORWARD  LOOKING 
INFRARED 

MARTIN  MARIETTA 

SYSTEM  TEST  LAB  (STL) 

MAJOR  SOURCE  OF  PREVIOUS 
NIGHT  ATTACK  RESEARCH 

F-illO 

MULT I -FUNCTION  DISPLAYS  AND 
SOPHISTICATED  NAVIGATION 

SYSTEM 

CREW  STATION  DESIGN 

FACILITY  (CSDF) 

PROPOSED  AIR  FORCE 
SIMULATOR  FOR  LANTIRN 

F-111F 

PAVE  TACK 

SOPHISTICATED  NAVIGATION 

SYSTEM  WITH  INTEGRATED 

FORWARD  LOOKING  INFRARED 

DIGITAL  AVIONICS 

INFORMATION  SYSTEM 
(DAIS) 

RESEARCH  VEHICLE  FOR 
ADVANCED  COMPUTER  . 
INTEGRATION 

HUMAN  RESOURCE 

LABORATORY  (HRL) 

F-16/A-10  SIMULATOR 

WITH  COMPUTER 

GENERATED  SCENES 

The  P-16  and  «-10  Wide  Field-of-View  Head  up  Displays  (WFOV  HUDs)  (Pigure  1),  were 
specifically  designed  to  provide  these  capabilities.  Built  by  Marconi  Avionics  of 
Rochester,  Kent.  England,  the  WFOV  HUDs  incorporate  diffraction  optical  techniques  to  pro 
vide  a  wide  angie  video  raster  image  to  the  pilot  that  corresponds  one-to-one  with  the 
normal  daytime  scene.  Because  the  image  seen  by  the  pilot  relates  directly  to  what  he  is 
accustomed  to  eeeing  by  day,  he  can  continue  to  use  his  normal  day  low  flying  visual  cues 
and  techniques  at  night  and  thus  increase  safety  while  considerably  reducing  his  workload 
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FIGURE  1  F-16  (LEFT)'  AND  A-IO  (RIGHT)  WIDE  FIEID-OF-VIEW  HEAD  UP  DISPLAYS  (HUDs). 


F-16: 


In  Early  1980  the  United  States  Air  Force  and  General  Dynamics  initiated  the  F-16C/D, 
Block  25,  Multinational  Staqed  Improvement  Program  (MSIP).  Divided  into  three  stages  (I, 
II,  III),  this  program  involves  a  series  of  changes  to  be  integrated  into  the  P-16 
airframe  and  systems  which  would  facilitate  the  introduction  of  various  advanced  avionics 
and  systems. 

Specifically,  some  of  the  additions  to  the  F-16  as  a  result  of  these  modif ica..ions 
include:  The  improved  Wastinghouse  *PG-66  radar;  the  modified  -N/f PN-22  Radar  Altimeter; 
an  increased  capacity  environmental  control  system;  and  expanded  core  avionics  computer; 
and  Advanced  Central  Interface  Unit  (ACIU);  multi-function  displays,  upfront 
Communicatins,  Navigation  and  Identification  (CNI)  equipment  and  the  LANTIRN  Navigation 
Pod,  Targeting  Pod  and  a  Wide  Field-of-View  Head  up  Display. 

The  incorporation  of  the  MSIP  modifications  essentially  rebuilds  the  F-16  avionics 
suite  and  provides  for  a  significant  development  potential  for  increasing  the  aircrafts 
..mltirole  capabilities.  The  increased  avionics  capabilities  are  mirrored  in  the  instru¬ 
ment  presentations  (Figure  2). 
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FIGURE  2  F-16  INSTRUMENT  PANEL  CONFIGURATION  PRE-  AND  POST-  MULTINATIONAL  STAGED 
IMPROVEMENT  PROGRAM  (MSIP)  INCORPORATION  INCLUDING  THE  WIDE’ FIELD-OF- 
.  VIEW  HEAD  UP  DISPLAY.  • 


A- 10; 

The  A-10  is  also  being  upgraded  to  significantly  increase  the  aircraft's  effec¬ 
tiveness  specifically  in  the  night  attack,  first  pass  scenario.  The  total  system  is  envi¬ 
sioned  as  utilizing  pod  capabilities  to  provide  the  necessary  low  level  terrain  following 
and  target  cueing  aids  that  are  ,not  a  part  of  the  basic  aircraft  avionics.  The  A-10 
Integrated  Navigational  System  (INS)  Which  utilizes  digital  multiplex  techniques,  provides 
the  necessary  interface  system  that  allows  for  integration  of  Advanced  Avionics  with  a, 
minimum  of  aircraft  modification. 


As  part  of  the  A-10  capability  upgrade,  a  noticable  change  to  the  aircraft  con¬ 
figuration  is  the  addition  of  the  WFOV  HUD  in  the  cockpit  (Figure  3).  Designed  as  a 
replacement  for  the  production  KAISKR  HUD,  the  WFOV  HUD  can  provide  the  pilot  with  a  video 
raster  presentation  as  well  as  the  necessary  flight,  navigation  and  targeting  information 
for  effectiva  utilization  of  the  aircraft  in  the  night  attack  arena. 
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FIGURE  3  A-10  INSTRUMENT  PANEL  CONFIGURATION  PRE-  AND  POST-  LANTIRN  SYSTEM  INCORPORATION 
INCLUDING  THE  WIDE  FIELD-OF-VIEW  HEAD  UP  DISPLAY. 


TEST  AND  EVALUATION 


GENERAL 

Following  the  test  objectives,  system  description  and  method  of  test,  the  speci¬ 
fic  test  results  for  each  HUD  (F-16  and  A-10)  are  presented  in  detail.  Human  factors 
data  and  qualitative  pilot  comihents  together  with  engineering  analysis  are  also 
included.  The  test  effort  was  structured  to  evaluate  each  HUD  independently.  An 
integrated  system  level  performance  evaluation  was  not'  considered  a  part  of  these  tests. 

TEST  OBJECTIVES  . 

The  specifl..  objectives'  of  the  Wide  Field-of-View  Head  up  Display  (WFOV  HUD)  flight 
test  programs  wt.es  1  1)  to  verify  that  the  WFOV  HUDs  were  functionally  equivalent  to  the 
production  HUDs  currently  installed  in  the  F-16  and  A-10  aircraft  and  2)  to  provide  an 
early  evaluation  of  the  HUDs  video  raster  capability. 

TEST  LIMITATIONS 

The  F-16B  aircraft  used  for  the  evaluation  was  a  production  Block  15  aircraft 
specifically  modified  for  the  test  program.  The  Wide  Field-of-View  Head  up  '"’splay, 
designed  for  the  Block  25,  Multinational  Staged  Improvement  Program  (MSIP)  raft  only, 
was  modified  to  be  compatible  with  this  aircraft  as  shown  in  Figure  4. 

A  Texas  Instruments/General  Dynamics  Forward  Looking  Infrared  (FLIR)  pod  was  used  for 
the  video  raster  evaluation.  As  implemented  on  the  F-16,  the  interface  between  the 
aircraft  and  the  pod  was  limited  to  a  video  raster  display  only  without  stroke-written' 
symbology  overiayed.  In  order  to  demonstrate  the  raster  capability  in  time  to  support  the 
production  decision,  these  limitations  were  deemed  acceptable  and  the  flight  tests  were  ' 
conducted  with  thi3  configuration. 

For  the  A-10  WFOV  HUD  evaluation,  the  Texas  Instruments/General  Dynamics'  FLIR  pod  was 
again  used  as  the  video  raster  source.  Pod  control  functions  (FLIR  power,  polarity,  gain 
and  level,  etc.)  were  operated  by  using  existing  cockpit  switches  and  controls. 
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FIGURE  4  PROPOSED  F-16  BLOCK  25  (MS1P)  PRODUCTION  CONFIGURATION  (LEFT)  AND  THE  TEST 
UNIQUE  CONFIGURATION  UTILITED  DURING  THE  FLIGHT  TEST  EVALUATION  (RIGHT) . 


TEST  ITEM  DESCRIPTION 

Aircraft : 

F-16.  . 

F-16B,  USAF  aerial  number  80-0635,  was  a  production  Block  15  aircraft  modified  with 
a  reprogrammed  Fire  Control  Computer  (FCC),  Central  Interface  Unit.  (CIO) ,  and  Fire  Control 
Radar  (FCR)  computer.  Additionally,  the  aircraft  was  modified-  to  carry  the  Quick  Reaction 
Instrumentation  Package  (QRIP)  (for  recording  Mii-Std-1553B  data  traffic!  and  an  Airborra 
Video  Tape  Recorder  (AVTR)  capable  of  providing  two  hours  of  video  and  audio  recording. 

A- 10. 

A-10A,  USAF  serial  number  81-0945.,  was  a  production  aircraft  structually  and 
electronically  modified  to  accept  the  ViFOV  HUD.  The  modification  provided  for  the 
installation  of  the  HUD  in  an  aircraft  equipped  with  an  Inertial  Navigation  System  (INS) 
and  a  Cockpit  Television  Censor  (CTVS I/Airborne  Video  Tape  Recorder  (AVTR). 

Hud; 

The  F-16  and  A-10  WFOV  HUD3  (Figure  5)  were  ilectronic  and  optical  devices  designed 
and  built  by  Marconi  Avionics,  Rochester,  Rent  Erjland.  They  processed  data  e"d  pro¬ 
jected  weapons  delivery  and  flight  information  In  symbolic  form  on  a  combining  glass 
assembly  located  in  the  pilot!s  forward  f ield-of-view.  The  HUDs  provided' for  stroke- 
written  symbology  for  day  and  night  operation,  and  a  wide-angle  video  raster  display  for 
night  operation.  The  raster  display  Was  compatible  with  RS-170  (MOD)  standard  video. 

The  HUD' 3  used  diffraction  optics  techniques  to  obtain  a  wide  angle  f ield-of-view.  The 
raster  display  and  diffraction  optics  were  the  most  significant  differercer  from  the  pro¬ 
duction  HUDs.,  The  F-16  WFOV  HUD  consisted  of  tw.  Lino  Replaceable  Units  (I-  ”s):  the 
Display  Ur.it  (DU)  and  the  Electronics  Unit  (EU).  She  A-10  WFOV  HUD  had  a  ...rrd  LRU  in 
the  form  cf  a  remote  control  panel . 


Display  Unit  (PU)  (P-16  arid  A-10). 

The  Display  Unit  was  mounted  in  the  pilots  forward  Field-of-View  above  the 
glareshield.  It  contained  a  high  brightness  Cathode  Ray  Tube  (CRT),  ji  optical  module,  ar 
automatic  brightness  sensor,  associated  electronics  for  signal  interface  compatibility, 
and  a  combining  glass  asse'ntb)  y  .with  its  associated  support  structural  It  also  contained. a 
standby  reticle  generator  *-o  provide  an  independeht  standby  sighting  capability  in  case  of 
total  electronic  unit  failure.  In  the  night  environment,  the  DU  could  display  video 
raster  in  addition  to  stroke  symbology. 

The  F-16  HUD  provided  the  pilot  with  an  Instantaneous  Piel4-of-View  (TFOV), 

(i.e,,  seen  by  both  eyes  s;i:<iu  1  taneous ly )  of  ,18.0  degrees  vertical  by  30.0  degrees  h->ri- 
zor.tal  (Figure  6).  Tne  Total  Field-of-View  (TFOV)  was  20.0  decrees  vertical  by  30.0, 
degrees  horizontal.  This  compares  with  an  IFOV  of  9.1  degrees  vertical  by  13.4  degrees 
horizontal  and  a  TFOV  of  20.0  degrees  vertical  by  20.0, degrees  horizontal  in  the  present 
prpduct i on . HUD 

The  A-10  WPiV  HUD  provided  the  pilot  with  an  IFOV  of  19. Q  degrees  vertical  by 
30.0  degrees  horizoital.  This  differs  from  the  P-16  WFOV  H'JD  (Figure  6)  by  being  1.0 
degree  larger  in  ths  vertical  axis  (from  +3,0  degrees  to  -16.0  degrees  from  the  horizon¬ 
tal  datum)  and  the  same  in  the  horizontal  axis.  The  TFOV  of  20.0  degrees  vertical  by 
30.0  degrees  horizoital  was  the  same  as  the  F-16  <XFOV  HUD.  These  values, are  signifi¬ 
cantly  larger  than  he  14.0  degrees  veitlcal  by  10.0  degrees  horizontal  TFOV  in  the  A-10 
production  RAISER  HJD. 

noth  the  P-6  and  A-10  HUDs  contained  mounting  provisions  for  a  cockpit  tele¬ 
vision  sensor  (CTVS1.  The  (TVs  was  a  Charged  Couple  Dev  ice  (CCD)  electro  optical 
imaging  system  which  produced  a  composite  video  (television)  output.  It  consisted  of 
a  video  sensor  head  mou'nted  forw'ard  of  the  combiner  glass  assembly  pointed  out  over 
the  nose  of  the  aircraft  and  an  electronic  unit  which  was  mounted  in  a  remote  loca¬ 
tion.  The  TVS  ’rant er  was  electronically  overlayed  with  symbology  before  being 
recorded  by  the  AVTIt.  - 
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FIGURE  6  r-16  WIDE  r IElD-OF-VIEW  HEAD  UP  DISPLAY  SP£CIcICATIOM  FIELDS-3F-VIEW. 


Electronic  Unit  (HJ)  tR-16  and  A-IO). 

The  electronic  units  were  located  forward  ‘i  the  DU  in  the  Electronics  bay 
< r  —  1 6 )  ir  in  the  cockpit  area  >a-10).  The  EU  contained  the  low  voltage  power  supply, 
symbol  generator,  scan  converter,  digital  computer  and  synqhroni ration  signals  asso¬ 
ciated  with  the  HUD  interface  requirements.  Symbol  generation,  weapons  aiming  com¬ 
putations  and  parameter  input  scaling  were  performed  by  the  dedicated  digital  computer 
The  symbology  presented  to  the  pilots  was  essentially  the  same  as  the  symbology  of  the 
present  H.D3.  Figure  7  show  typical  P-16  and  A-10  WPOV  HUD  symbology. 


FIGURE  1  TYPICAL  F- 16  (TOR)  AHO  A-IO.  (C.:TT0«)  MEAD  UR  OISRUY  SYWHOLOGY.. 


_  _j.r . — auu  utuviuea  cne  necessary  controls  for  the  operation  of 

the  HUD.  There  were  five  controls  on  the  panel  which  operated  symbol  brightness,  mode 
select,  reticle  depression,  option  select  and  a  non-functional  radar  altiaseter. 

Forward  Looking  Infrared  (PLIR)  Pod; 

The  General  Dynamics/Texas  Instruments  PLIR  Pod  was  used  as  the  video  source  for 
the  raster  evaluations.  The  ped  wontained  a  modified  Texas  Instruments  AN/AAQ-9  PLIR, 
which  was  repackaged  into  ar  existing  pod  and  mounted  on  the  left  inlet  station  of  the 
F-16  (Figure  8)  and  wing  station  number  4  of  the  A-10  for  the  tests.  The  optics  for  the 
PLIR  were  modified  to  provide  a  21-degree  vertical  by  18-degree  horizontal  Pield-of-View 
that  was  compatible  with  the  EUD.  The  PLIR  was  a  fixed  installation  and  provided  no  look- 
into-turn  or  lead-into-turn  features.  The  pod  weighed  135  pounds  (297.5  kg)'  and  was  72 
inches  (182.8  cm)  in  length  and  14  inches  (35.6  cm)  in  diameter. 


FIGURE  8  F-lfi  FORWARD  L00K1HS  INFRARED  (FUR)  POD  FIELD-OF-VIEW. 

METHOD  OP  EVALUATION 

The  HUD  evaluations  were  based  on  pilot  debriefings  and  responses  to  questions i ; as. 
The  quest  ions  ires  were  developed  for  the  evaluation  of  the  HUD’s  in  the  following  iruis: 

1.  Optical  -  included  issues  such  as  f ield-of-view,  depth  perc-'otion,  distortion, 
color  changes,  transmissivity,  head  motion  box,  symbology  brightness,  reflections  and 
sunspots.  Por  the  video  raster  flights,  the  additional  areas  evaluated  included  raste- 
brightness,  scene  discrimination  and  real-world  registration. 

2.  Mechanical  -  addressed  such  items  as  visibility,  scene  blockage  ar.d  controls/ 
switenes. 

3.  Symbology  -  included  symbol  generation  and  mechanization. 

Pilots  flew  the  P-16  and  A-10  aircraft  under  a  variety  of  flight  condition-'  ror  each 
set  of  tasks,’  e.g.,  navigation)  day  and  night,  overcast,  bright  sunlight.  During  povt- 
flight  debriefings,  data  were  collected  on,  each  of  the  HUD  characteristics  for  the  parti¬ 
cular  conditions  evaluated.  The  criteria  for  ,ass igning  these  ratings  and. determining  the’ 
performance  of  the  WPf'V  HUDs  is  present* d  in  Table  2. 


Table 

2  HUD  EVALUATION  CRITERIA 

Rating 

Meaninq 

Excellent 

WPOV  HUD  enhances  the  baseline  (P-16  or  , 

A-10)  production  HUD  capability. 

Satisfactory 

Equivalent  to  baseline  capability! 

Marginal  , 

Not  equivalent  to  baseline  capability, 
but  acceptable. 

Unsat laf actory 

Not  equivalent  to  baseline  capability 
and  unacceptable. 

T.i*  i-yitmtial  acceptability  of  the  P-16  WPOV  HUD  by  the  users  wss  a  significant  concern 
durirgthe  evaluations.  To  provide  as  broad  a  spectrum  of  user  inputs  ss  possible,  four 


weapons,  air-to-air  aaneuvers,  instrument  approaches,  VPR  patterns,  a::d.  laiuiiags. 

In  an  attempt  to  quantify  the  results  of  these  evaluations,  a  H!XO  rating  scale 
(Figure  9)  was*  developed  to  provide  an  objective  indication  of  how  the  users  perceived  the 
F-16  WFOV  HUD. 
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FIGURE  9  HEAD  UP  DISPLAY  RAT TNG  SCALE. 

Prior  to  commencing  flight  teats  with  the  WFOV  HUD,  pilots  were  asked  to  rate  the 
production  HUD  such  that  a  performance  baseline  could  be  established.  This  baseline  per¬ 
formance  rating  provided  a  direct  production  HUD  to  WPOV  HUD  comparison  on  which  the  func¬ 
tional  equivalency  evaluation  was  based. 

TEST  RESULTS 


irat ions . 


The  greater  Instantaneous  and  Tota  Pields-of-View  (IPOV  and  TPOV)  provided  by  the 
WFOV  HUD,  were  favored  by  all  t,he  pilots  who  flew  the  aircraft.  However;  because  of  the 
deficiencies  lists,  below,  the  advantages  of  the  WFOV  HUD  were  negated. 

There  were  many  pilot  reports  of  a  reduction  in  depth  perception  and  other  optical 
deficiencies.  The  magnitude  and  effect  of  these  difficulties  varied  with  the  different 
canopy  and  HUD  optical  systems  tested.  The  depth  perception  effects  ranged  from  the  HUD 
being  reported  unsafe  for  low  level  or  weapons  delivery  events*  to  pilots  touching  down 
earlier  than  expect ec  during  landings. 

Several  pilots  also  reported  was  an  apparent  dual  imaging  anomaly.  While  focusing 
on  the  target f  two  mete  of  symbology  were  oftei  viewed.  Likewise*  when  focusing  on  the 
symbology,  two  targets  were  seen.  This  deficiency  was  particularly  noted  during  simulated 
air-to-air  combat  and  air-to-ground  weapons  deliveries. 

The  reduction  of  depth  perception,  early  touchdov  *  and  dual  imaging  vers  initially 
thought  to  be  related  to  some  HUD  optical  characteristic.  An  in-depth  analysis  of  the 
F-16  canopy  (both  Block  and  25),  the  HUD,  and  the  canopy/HUD  combination  was  conducted 
in  an  attempt  to  pinpoint  the  primary  cause  and  gain  some  insight  into  the  HUD  and  canopy 
interactions.  The  participants  in  the  analysis  included  Aeronautical  System*  Division 
(ASD),  Marconi  Avionics,  General  Dynamics  and  APFTC  personnel.  The  findings  indicated 
that  the  effects  were  caused  by  a  canopy  induced  deco lliraat  ion  of  the  outside  world  which 
was  noticeabls  primarily  because  of  the  large  Binocular  Instantaneous  Pieid-of-Vicw 
(BIFOV)  of  the  WFOV  HUD  <20.0  degrees  horiiontal  by  18  degrees  vertical).  Figure  10 
graphically  illustrates  this  effect.  This  situation  existed  with  alL  of  the  limited 
number  of  F-16  canopies  and  WFOV  HUDs  tested. 
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FIGURE  10'  F- 16  Wi':r  FIEID-OF-VIEW  HEAD  UP  DISPLAY  DECOLLIMATION  EFFECT. 

The  narrow  BIFOV  of  the  production  HUD  (.5.0  degrees  horizontal,  by  9.0  degrees 
vertical)  was  too  small  to  make  the  decollimation  effect  readily  apparent.  It  is  expected 
that  dual  imaging  and  a  reduction  in  depth  perception  will  exist  whenever  a  HUD  with  a 
large  BIFOV  is  coupled  with  this  type  of  canopy.  The  proposed  Marconi  Avionics  fix 
involved  determining  the  range  of  canopy  decollimation  over  a  large  number  of  canopies  and 
decollimating  the  HUD  optics  to  a  comparable  mean  value. #  This  approach  was  never  incor¬ 
porated  for  the  flight  test  evaluation. 

The  color  changes  and  transmissivity  of  the  HUD  were  rated  marginal  by  the 
majority  of  the  pilots.  There  were  two  or  three  colors  present  in  the  HUD  at  all  times. 

In  general,  the  bottom  of  the  combiner  had  a  pink  shade  with  the  top  of  the  eyebrow  area 
being  a  darker  rose  color.  Light  reflections,  depending  on  their  incident  angle,  often 
caused  a  green  halo  and  green  glare  across  the  entire  lower  half  of  the  combiner  which  was 
extremely  distracting  to  the  pilot. 

Several  pilots  reported  reduced  transmissivity  which  caused  an  apparent  reduction 
of  visual  acquisition  ranges  of  airborne  targets.  Also  noted  when  flying  low  level  under 
overcast  feather  conditions,  was  an  apparent  darkening  of  the  visual  scene  which  made  it 
difficult  to  distinguish  detailed  terrain  features.  The  initial  pilot  response  was  to  . 
continually  look  around  the  HUD  to  monitor  their  flight  path,  terrain  clearance,  and  to 
visually  acquire  targets.  The  dark  appearance  of  the  combining  glass  relative  to 
background  illumination  gave  the  impression  of  having  considerably  reduced  transmissivity. 
This  anomaly  was  further  exagprated  by  the  pink  tint  of  the  HUD  which  is  a  by-product  of 
.the  diffraction  grating  technique  c-.<  which  the  WFOV  HUD  optics  are  based.  , 

Removing  the  gelatin  from  the  upper  one-third'  of  the  rear  hologram  to  increase  the 
overall  transmissivity  resulted  in  a  cut-off  line  and  added  two  more  additional  color 
changes  to  the  HUD  and  was  a  further  noticeable  distraction  to  the  pilots.  In  lieu  of 
cutting  the  holographic  gelatin,  Marconi  proposed  leaving  the  gelatin  but  gradually  fading 
the  hologram  toward  the  top  of  the  combiner.  This  approach  seemed  workable  but  was  never 
incorporated  for  flight  testing. 

The  pink  and  rose-colored  tints,  the  green  halo,  ,  internal  reflections,  and  the 
nori-unif ormity  of  the  color  chanqes  tended  to  reduce. the  pilot's  perception  of  the  true 
world,  with  the  Block  15  production  HUD,  pilots  often  tended  to  acquire  targets  outside 
of  the  HUD  and  then  transfer  to  the  HUD  for  weapons  aiming  and  flight  information.  The 
WFOV  HUD  allowed  tracking  targets  longer  in  the  FOV  but  the  apparent  reduction  in  real- 
world  transmissivity  along  with  color  mismatching  and  internal  reflections  caused  a , loss 
of  visual  acquisition  range.  Having  to  look  through  three  combiner  elements  in  the  upper 
third  of  the  .HUD  only  exaggerated  this  deficiency  and  reduce^  the  overall  pilot  acceptance 
of  this  HUD  configuration. 

The  eye  motion  box  was  considered  too  restrictive  by  the  pilots  for  several 
reasons  and  was  rated  unsatisfactory.  Tne  eye  position  stipulated  in  the  HUD  specifica¬ 
tion  and  for  which  the  HUD  optics  were  designed  was  not  located  at  the  eye  position  from 
which  most  pilots  flew  the  aircraft.  Figure  11  shows  the  allowable  eye  motion  box  and  the 
design  and  working  eye  positions.  The  eye  motion  box  defines  the  allowable  head 


Dynamics  and  AFFTC  personnel.  The  data  obtained  daring  this  study  are  presented  in 
Figure  12.  Eye  positions  were  plotted  while  pilots  seated  themselves  at  their  normal, 
relaxed  aft,  and  alert  forward  positions.  As  shown  by  Figure!  12,  the  average  for  all 
three  positions  was  noticably  forward  of  the  specification  values. 


F-16A 


F-16B 


position 


•  -AVERAGE  NORMAL  POSITION 
A  -  AVERAGE  FORWARD  POSITION 
■  -  AVERAGE  AFT  POSITION 


,  position 


FIGURE  12  RESULTS  OF  F-16A  'LEFT)  AND  F-I6B  (RIGHT)  PILOT  EYE  POSITION  STUDY. 

An  additional  .consequence  of  being  outside  and  forward  of  the  eye  motion  box 
resulted  In  the  combiner  halo,  green  glow  and  some  of  the  Interal  HOD  reflections  pre¬ 
viously  discussed.  Ground  test  verified  that  with  proper  eye  positioning  some,  but  not 
all,  of  those  deficiencies  could  be  alleviated. 

The  reeults  of  the  eye  motion  box  study  was  incorporated  into  the  F-16  HOD  Prime 
Item  Development  (PID)  specification.  Verification  of  the  HOD  design  eye  position  proved 
to  be  of  paramount  importance  during  this  HUD  test  and  can  have  a  significant  effect  on 
diffraction  optic  HOD  flight  test  evaluations. 

Symbology  brightness  was  rated  marginal.  The  symbology  was  controlled  by  an 
intensity  control  wheel  as  a  function  of  two  manual  or  one  automatic  brightness  modes 
(DAY,  NIGHT,  and  AOTO).  when  using  the  AUTO  mode,  the  display  brightness  did  not  dccura-, 
tely  compensate  for  changing  ambient  light  ot  background  conditions.  The  AUTO'  position 
also  caused  some  fluctuations  in  symbology  intensity  under  certain  ambient  light  con¬ 
ditions.  When  operating  the  DAY  mode,  the  range  of  brightness  control  was  satisfactory; 
however,  one  setting  was  not  adequate  to  maintain  the  symbology  at  a  comfortable  level. 
The  intensity  had  to  be  continuously  adjusted  because  of  sun  angle,  clouds  or  terrain 
background  brightness  changes. 


vwwk(m.c  <uu  in  rront  or  tne  auo  combiner  were  also  evident  at  various  lighting  con¬ 
ditions.  These  reflections  included  the  CTVS  sensor,  canopy  placards,  and  the 
depression  area  in  front  of  the  CTVS  sensor  head.  Different  colored  flight  cards  were 
tried,  but  no  color  eliminated  tne  reflections  completely.  Because  the  reflections 
caused  significant  pilot  distractions  during  mission  critical  tasks,  the  HDD's  perfor¬ 
mance  was  rated  unsatisfactory . 

Sunspots  were  observed  on  nearly  all  daytime  flights  when  the  sun  was  not 
totally  obscured  by  clouds.  The  most  distracting  sunspots  were  collimated  which  caused 
extremely  bright,  circular  images  approximately  25  milradians  (MR)  in  diameter.  These 
types  of  sunspots  washed  out  HUD  symbology  and  trade  it  diffi-  alt  to  see  through  the  HUD. 

A  second  type  of  sunspot  was  caused  by  reflections  of  the  sun  from  canopy,  pilots' 
helmet  visor,  or  other  reflective  surfaces  into  the  HUD.  These  types  were  not  nearly  as 
intense  as  the  collimated  sunspots  and  were  normally  10  to  15  MR  in  diameter.  There 
were  up  to  five  such  sunspots  on  the  HUD  at  one  time.  The  number  and  intensity  of 
sunspots  caused  significant  pilot  distractions  and  the  HUD  was  rated  unsatisfactory  for 
that  reason. 

Visibility,  had  the  optical  deficiencies  not  been  present,  was  rated  excellent. 
The  HU J  allowed  a  better  view  over  the  nose  of  the  aircraft  and  the  increased  width  was 
a  significant  improvement  over  the  "porthole*  effect  of  the  production  KUD. 

The  sides  of  the  HUD  ,«nd  the  upper  combiner  support  arms  (see  Figure  5)  caused 
some. scene  blockage  which  reouired  significant  pilot  head  movements  during  target 
acquisition  and  attach.  As  shown  in  Figure  5,  the  Angle  of  Attack,  (AOA)  indexer  and 
nosewheel  steering/air  refueling  status  lights  caused  some  scene  blockage.  Pilots  con¬ 
sistently  found  themselves  moving  their  head  around  in  an  attempt  to  compensate  for  the 
bulky  structure.  This  detracted'  from  the  overall  HUD  performance.  The  bulk  of  the  com¬ 
biner  frame,  the  support  arms,  and  the  presence  of  the  indexer  lights  contributed  to  the 
pilots'  rating  the  HUD  marginal  with  respect  to  scene  blockage. 

The  controls  and  switches  on  the  control  panel  were  also  rated  marginal  by  most 
pilots.  Control  sensitivity,  feel,  sense,  linearity  and  response  degraded  the  ability 
of  the  pilots  to  operate  the  HUD.  The  thumbwheels  were  considered  too  flimsy  with 
insufficient  friction  for  optimum  actuation  and  the  symbology  intensity  control  required 
approximately  two-thirds  total  travel  for  any  symbology  to  appear.  During  daytime  opera¬ 
tions,  the  symbology  intensity  was  controllable  by  only  the  last  one-third  of  the 
control  movement. 

The  video  raster  control  was  located  directly  under  the  symbology  control,  and 
if  the  raster  control  was  not  on  the  OFF  position,  symbology  could  not  be  displayed.  It 
was  impossible  to  tell  if  the  raster  control  was  off  unless  it  was  physically  checked. 

The  stripe  on  the  thumbwheel  was  misplaced  and  did  not  line  up  with  the  OFF  label  when 
it  was  off. 

There  were  numerous  deficiencies  noted  'in  the  symbology.  Improperly  placed  sym¬ 
bology,  jitter,  .blanking,  poorly  defined  or  missing  symbols,  etc.,  were  all  deficiencies 
contributing  to  an  unsatisfactory  rating. 

Due  to  high  "requency  noise,  the  symbology  was  often  fuzzy  and  hard  to 
distinguish.  The  Flight  Path  Marker  ( FPM)  and  pitch  ladders  j'ttered  excessively,  espe¬ 
cially  during  ground  operations.  The  symbology  in  the  lower  right  portion  of  the  HUD 
was  also  observed  to  jitter  excessively  and  symbology  often  blanked  intermittently  in 
the  top  10  percent  of  the  FOV. 

Those  were  but  a  few  of  the  numerous  software  deficiencies  documented  during  the 
test  program.  The  software  anomalies  accounted  for  approximately  60  percent  of  the 
deficiencies  identified  and' resulted,  in  an  unsatisfactory  rating  for  symbology 
generation'. 

To  verify  symbology  placement,  a  series  of  ground  tests  were  scheduled.  The 
composition  of  these  tests  was  based  on  tests  that  were  found  valuable  during  similar 
efforts  on  other  P-16,  F-15,  and  A-10  programs.  In  particular,  the  F-16  canopy/WTOV  HUD 
combination  required  that  special  attention  be  given  to  the  canopy  correction  algorithms 
used  to  correct  symbology  placement  relative  to  the  outside  world  as  seen  by  the  pilot  ‘ 
and  the  CTVS  camera  system. 

Target  displacement  tests  had  previously  been  conducted  at  the  General  Dynamics, 
Ft  worth  facility.  Using  a  st  1 11  photographic  digitizing  procedure,  the  General 
Dynamics  tests  provided  the  canopy  eye  position  and  CTVS  correction  coefficients  which 
were  used  during  the  test  program.  The  APFTC  ground  tests,  used  a  video  digitizing  pro¬ 
cess,  and  were  intended  to  verify  the  coefficients  and  also  to  verify  the  algorithm* 

The  diffraction  optical  technique*  used  with' the  WPOV  configuration  precluded 
the  use  of  a  camera  for  direct  viewing  of  the  outside  world.  The  CTVS  sensor  head  was 
therefore  required  to  be  mounted  forward  of  the  HUD  combiner  and  the  symbology  was  then 
electronically  interlaced  with  the  forward  f ield-of-view.  Prior  to  interlacing  the  sym¬ 
bology,  canopy  corrections  were  applied  td  the  symbology  to  compensate  for  outside  world 
distortions. 


algorithm  not  being  evaluated.  The  ground  !.est_  «.  orginally  scheduled  prior  to  the 
start  of  flight  testing  and  included  a  complete  h ,d  canopy  optical  evaluation.  Lack 
of  suitable  test  equipment  and  clearly  defined  test  ocedures  at  that  time  required 
postponing  these  tests  to  a  later  date  where  they  were  cnly  partially  accomplished. 

The  availability  of  these  data  early  in  the  test  .-gram  would  have  saved  considerable 
flight  test  time  and  would  have  provided  substantiating  data  for  some  of  the  anomalies 
noted  later  in  the  program. 

Night  Operations. 

The  night  evaluation  dia  not  expose  any  significant  findings  not  already  iden¬ 
tified.  POV,  depth  perception,  image  distortion,  transmissivity  and  eye  motion  box  com¬ 
ments  were  very  similar , 

One  color  change  deficiency  not  identified  during  the  day  operations  was  the 
pilot's  inability  to  accurately  judge  glide  slope  information  from  the  Visual  Approach 
Slope  Indicator  (VASI)  lights.  When  on  the  glide  slope,  the  normal  red-cver-white  VASI 
indicators  appeared  red-over-pink  because  of  the  HUD's, pink  tint.  Loss  of  this  impor¬ 
tant  cue  at  night  significantly  increased  the  pilot's  reliance  on  instruments  and  vision 
outside  of  the  HUD’ a  POV. 

The  AUTO  brightness  mode  was  also  unusable  at  night,  being  too  bright  and 
causing  fluctuations  .n  symbology  intensity.  The  NIGHT  mode  was  also  deemed  inadequate 
since  the  lowest  inter.aity  setting  was  too  bright  for  night  operations. 

Reflections  were  less  noticeable  at  night  than  during  day  operations..  Some 
reflections  of  the  cockpit  console  lights  were  noted  on  the  left  and  right  edges  of  the 
HUD  but  were  not  considered  objectionable.  During  night  air  refuelings,  pilots  had  no' 
difficulty  with  reflections  when  in  the  contact  position.  However,  when  moving  into. or 
away  from  the  contact  position,  reflections  in  the  HUD  from  the  KC-135  tanker  lights  were 
considered  a  distraction.  Also  when  flying  with  a  moon  from  one-half  to  full  conditions, 
reflections  or  'moon  spots*  appeared  just  as  sunspots  had  during  day  operations  and  the 
HUD  was  rated  marginal. 

The  symbology  also  produced  one  deficiency  not  seen  in  the  day.  Mien  symbols  were 
at  or.  near  the  edges  of  the  POV,  they  would  often  flash  or  sparkle  at  a  greatly  increased 
brightness  level  and  were  extremely  distracting  to  the  pilot.  This  flashing  symbology 
made  the  HUD  unsatisfactory  at  night. 

A  summary  of  the  evaluation  in  presented  in  Table  3.  The  significant  deficiencies 
included:  a  lack  of  depth  perception/distortion,  head  motion  box,  reflections,  sunspots, 
and  symbology.  A  summary  of.  the  user  evaluation  is  presented  in  Table  4. 


TABLE  3  SUMMARY  OF  F-16  WF07  HUD  FUNCTIONAL  EQUIVALENCY  EVALUATION 


CHARACTERISTICS 

DAY 

RATING 

NIGHT 

OPTICAL: 

• 

FI  ELD- OF- VI EM 

EXCELLENT 

EXCELLENT 

OEPTH  PERCEPTION/OISTORTION 

UNSATISFACTORY 

UNSATISFACTORY 

COLOR  CHANGES/TRANSHISSIVITY 

MARGINAL 

, 

MARGINAL 

HEAO  MOTION  BOX 

UNSATISFACTORY 

UNSATISFACTORY 

SYMBOLOGY  BRIGHTNESS 

MARGINAL 

MARGINAL 

REFLECTIONS 

UNSATISFACTORY 

MARGINAL 

SUNSPOTS 

UNSATISFACTORY 

N/A 

MECHANICAL: 

VISIBILITY 

EXCELLENT 

EXCELLENT 

SCENE  BLOCKAGE 

MARGINAL 

MARGINAL 

CONTROLS/SWITCHES 

MARGINAL 

MARGINAL 

SYMBOLOGY: 

’ 

SYMBOL  GENERATION 

UNSATISFACTORY 

UNSATISFACTORY 

MECHANIZATION 

SATISFACTORY 

SATISFACTORY 

TABLE  4  SUMMARY  OF  F-16  USER  EVA! UATION 
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o 
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NOTE:  NUMERIC  VALUES  BASED  ON  HUD  RATING  SCALE 


when  compared  to  the  production  F-16  HOD  within  the  criteria  established,  the 
WFOV  HOD  was  determined  not  to  be  functionally  equivalent.  It. was  recommended  to  the 
program  office  that  the  WFOV  HOD  not  be  considered  for  fleetwide  incorporation  into  the 
F-16  C/D  aircraft  }n  its  present  hardware  and  software  configuration'. 

Video  Raster. 

Three  night  evaluation  flights  utilising  the  WFOV  HUD  were  flown.  All  of  the 
flights  were  limited  to  FLIR  video  only  with  no  symbology  overlayed.  Additionally, 
the  FLIR  was  locked  in  the  Automatic  Contrast  Enhancement  (ACE)  mode  for  a  majority  of 
the  airborne  evaluations  allowing  only  a  cursory  look  at  the  manual  gain  and  level 
control  functions. 

Overall,  the  IFOV  and'TFOV  provided  by  the  HUD  were  impressive,  and  the  HUD  pro¬ 
vided  excellent  FLIR  video.  Pilots  found  that  with  only  slight  head  motions  left  and 
right,  a  complete  view  of  the  entire  FLIR  video  picture  could  be  obtained.  None  of  the 
comments  pertinent  to  previously  described  head  motion  box  anomalies  were  observed 
during  these  flights.  .  However,  there  was  no  symbology  present  on  the  video  scene  which 
the  pilots  could  compare  to  daytime  observations. 

There  were  three  distinct  edges  to  the  FLIR  video  (top,  bottom  and  right  side) 
•but  the  left  side  had  a  green  band  along  its  entire  length  which  ’bled''  into  the  video 
approximately  3  to  5  degree?.  There  were  also  two  wavy  lines  through  the  video  which 
were  present  only  during  one  of  the  flights.  These  two  features  were  somewhat 
distracting  to  the  pilots  and  detracted  from  the  overall  uniformity  cf  the  video 
display. 

The  fT'o  provided  good  apparent  depth  perception,  especially  over  undulating 
terrain.  Over  relatively  flat  terrain  with  no  distinctive  vertical  features,  a  definite 
degradation  in  depth  perception  was  evident.  Overall,  a  very  realistic  image  of  the  real 
world  was  attainable. 

There  were  no  canopy/cockpit  reflections  from  the  FLIR  video  on  the  HUD,  and  no, 
halo  effect  or  reflections  were  observed  by  the  pilot  or  by  the  rear  cockpit  observer 
looking  forward. 

The  range  of  video  brightness/contrast  control  appeared  adequate  to  achieve  an 
optimum  FLIR  picture.  During  low  altitude  acquisition  runs  on  IR  targets,  detection 
ranges  steadily  increased  with  system  familiarity  and  operator ' technique.  Once  the  FLIR 
gain  and  level  were  set  in  manual,  or  when  using  the  ACE  mode,  adjustments  were  required 
only  to  the 'video  brightness  to  achieve  a  satisfactory  FLIR  video. 
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of  mention.  Point  light  sources  in  a  high  ambient  light  environment  appeared  to  show 
through  the  FLIP  imagery  and  appeared  to  the  pilot  as  add-ons,  i.e.r  the  lights  were 
superimposed  on  the  FLIR  video.  One  pilot  found  viewing  these  lights  through  the  HUD 
and  canopy  gave  coincidental  results  while  a  second  pilot  felt  there  was  some  parallax 
error,  between  real-world  lights  and  FLIR  imagery.  Secondly,  FLIR  video  over  highly 
lighted  areas  was  virtually  invisible.  The  outside  ground  lights  showed  in  the  HUD  as 
they  were  in  the  real  world  through  the  canopy  but  only  small  pieces  of  FLIR  imagery 
were  present.  Overall,  the  outside  light  made  for  a  significantly  wash ed  out  FLIR  pre¬ 
sentation.  Thi3  phenomena  did  not  restrict  pilot  usability  of  the  HUD,  and  on  tran¬ 
sitioning  to  an  unlighted  background,  the  pilot  was  again  presented  with  a  satisfactory 
FLIR  picture. 

All  three  evaluation  pilots  found  the  controls  and  switch  operations  to  be 
satisfactory.  In  the  ACE  mode,  the  pilot  was  able  to  control  brightness  and  contrast 
while  maintaining  good  gray  scale  definition.  In  the  manual  mode,  small  adjustments  of 
video  brightness  wera  easily  accomplished. 

Syst ;m  limitations  did  not  permit  an  evaluation  of  FLIR  video  with  HDD  symbology 
overlayed.  This  is  an  area  which  requires  extensive  evaluation  to  ascertain  the  impact 
(if  any)  of  HUD  3ymbology  on  FLIR  video  quality  and  the  effect  on  pilot  interpretation. 
The  FLIR  video  raster  flights  demonstrated  the  general  raster  capability  of  the  HUD> 
however,  fur '.her  tasting  of  the  WFOV  HUD  with  video  raster  and  stroke  written  symbology 
was  recommended  to  quantify  and  define  the  HUD's  total  system  capabilities. 


A-JLO : 

Day  Operations. 

The  greater,  f ield-of-view  provided  by  the  WFOV  HUD  was  favored  by  all  of  the 
A- 10  pilots  on  the  test  team.  The  wide  f ield-of-view  significantly  improved  forward 
visibility  and  reduced  or  completely  eliminated  any  tendency  of  the  pilots  to  loo^ 
around  the  HUD.  This  feature  was  deemed  an  appreciable  advantage  over  the  present 
KAISER  HUD. 

Unlike  the  F-16,  there  were  no  depth  perception  or  optical  distortion  dif¬ 
ficulties  reported.  Depth  perception  was  "normal*  and  comparable  to  tbe  present  HUD, 
with  no  obvious  differences  noted.  There  were  no  apparent  distortions  of  the  outside 
world  when  viewed  through  the  WFOV  HUD  and  the  flat  plate  windshield.  The  visual  scene 
and  the  symbology  were  reported  as  being  clear,  concise  and  in  true  perspective. 

The  head  motion  box,  although  rated  satisfactory,  was  considered  somewhat 
restrictive.  As  with  the  F-16,  the  eye  position  stipulated  in  the  BUD  specification  was 
not  located  at  the  eye  position  from  which  most  pilots  flew  the  aircraft.  Figure  13 
shows  the  design  and  pilots  eye  positions  and  the  head  motion  box.  Host  of  the  pilots 
flew  the  aircraft  from  a  position  which  placed  their  eyes  two  to  three  inches  forward  of 
the  design  eye  point.  This  situation  was  not  as  critical  as  the  F-16  eye  motion  box  due 
to-  a  substantial  portion  of  the  A-10  head  motion  box  being  forward  of  the  design  eye 
position.  Proper  seat  positioning  and  experience  partially  compensated  for  this, 

1  imitation. 


The  trar.smissivity  of  the  HUD  was  rated  satisfactory  although  there  was  a  discer- 
nable  difference  in  the  amount  of  light  transmitted  through  the  WFOV  HUD,  the  difference 
was  not  objectionable  and  the  pilots  felt  that  it  did  not  affect  their  ability  to  acquire 
and  maintain  visual  situation  awareness. 

The  slight  pink  tint  of  the  HUD  in  and  of  itself  was  not  considered  objec¬ 
tionable.  Light  reflections,  depending  on  their  incident  angle,  sometimes  also  caused  a 
green  tint  along  with  the  pink  tint.  These  colorations  were  not  noticed  by  the  pilots 
during  high  gain  tasks  and  pilots  reported  they  could  see  through  the  combiner  easily  and 
not  be  distracted. 

Symbology  brightness  was  rated  satisfactory.  The  symbology  was  controlled  by  a 
ganged  knob  which  operated  two  manual  and  one  automatic  brightness  modes  (DAY,  NIGHT, 
and  AUTO).  When  utilizing  the  AUTO  mode  the  display  brightness  did  not  accurately  com¬ 
pensate  for  different  aerial  and  terrain  background.  Whan  operating  in  the  DAY  mode  the 
range  of  brightness  control  was  considered  satisfactory.  The  overall  rating  for  sym¬ 
bology  brightness  was  based  on  the  results  obtained  in  the  DAY  mode. 

Pilot  reports  on  internal  reflections  in  the  HUD  ranged  from  "no  reflections 
seen"  to  "everything  in  the  cockpit  reflected  on  the  HUD"  with  the  majority  of  the 
pilots  reporting  reflections  of  flight  cards  and  maps  laying  on  their  legs.  In  an 
effort  to  alleviate  this  problem,  pink  flight  cards  were  used  and  pilots  generally 
agreed  that  the  pink  cards  were  reflected  less  than  the  white  but  were  still  visible  and 
annoying.  The  reflections  were  most  evident  when  the  cockpit  was  subjected  to  intense 
front  lighting.  When  compared  to  the  production  HUD,  the  WFOV  HUD' 3  performance  rela¬ 
tive  to  reflections  was  rated  marginal. 

Sun  reflections  were  also  observed  on  a  number  of  daytime  flights.  Again  com¬ 
ments  were  wide  ranging  from  "no  sunspots  noted*  to  "reflections  of  the  sun  in  the  HUD 
were  persistent  at  all  times".  The  consensus  was  that  although  there  were  some  sunspots 
visible,  they  only  appeared  with' the  sun  at  high  angles  relative  to  the  aircraft.  The 
approximate  sunspot  "cone  of  occurrence"  was  observed  when  the  sun  was  within  10  degrees 
of  HUD  vertical.  This  cone  was  slightly  larger  than  the  one  existing  in  the  present 
KAISER  HUD.  The  sunspot  effect  degraded  the  WFOV  HUD  and  therefore  the  pilots  rated  the 
HUD  marginal  in  this  area. 

Visibility  through  tjie  HUD  and  scene  blockage  were  considered  excellent  and 
satisfactory  respectively.  Being  considerably  wider  than  the  present  HUD,  the  WFOV  HUD 
allowed  a  better  view  over  the  nose  of  the  aircraft  and  intruded  less  into  the  prime 
vision  area.  The  combiner  support  was  in  line  with  the  front  windshield  frame  per¬ 
mitting  an  unbroken  view  through  the  front  windshield.  Pilots  could  occasionally  pro¬ 
duce  some  scene  blockage  but  this  required  extreme  pilot  head  movements. 

Controls  and  3witche3  on  the  HUD  control  panel  were  determined  to  be  marginal 
from  several  aspects.  Control  sensitivity,  feel,  switch  shape,  arrangement,  and 
spacing,  were  objectionable  and  resulted  i«  a  degraded  ability  to  operate  the  HUD.  The 
addition  of  3teps  on  the  rotary  switches  would  have  provided  the  necessary  control  feed¬ 
back. 


Various  deficiencies  in  the  symbology  were  noted.  The  display  of  non¬ 
specification  symbols,  jitter,  poorly  defined  symbols,  and  some  symbol  blinking  Were 
often  identified  as  problems'  or  anomalies  and  resulted  in  an  overall  rating  of  unsatis¬ 
factory  for  symbology  generation.  The  pilots  were  able  to  adapt  to  these  deficiencies; 
however,  time  to  read  and  understand  the  displays  was  increased  and  mission  performance 
was  degraded.  • 

During  the  evaluation,  pilots  witnessed  several  cases  of  a  momentary  loss  of 
symbology.  Thi3  blanking  was  noted  particularly  during  gun  firing  and  multiple  "G" 
pull-ups.  The  blanking  did  not  parsist  for  any  significant  length  of  time,  was  never 
predictable,  and  was  not  diagnosed.  Symbology  blinking  was  also  observed  on  the  Heading 
and  altitude  scale  numerics.  As  heading  or  altitude  scale  numerics  would  enter  or  leave 
the  scale,  the  numbers  would  often  momentarily  blink. 

Deficiencies  were  also  identified  which  resulted  in  the  symbology  mechanization 
being  rated  marginal.  A  particular  porblem  in  this  area  was  the  steering  tadpole.  On 
several  occasions  the  steering  symbol  would  seem  to  disappear  from  the  HUD  FOV. 

Actually,  the  symbol  was  still  on  the  display;  having  only  moved  to  the  outer  edge  of 
the  HUD  where  it  was  not  easily  seen.  There  were  two  reasons  for  this;  1)  the  symbol 
was  horizon  stabilized1  and  was  routinely  limited  on  the  display  FOV  during  high  positive 
or  negative  pitch  angles,  and  2)  the  range  of  movement  for  the  symbol  was  too  large  and 
pilots  would  lose  it  at  the  extremes  of  travel.  By  moving  the  head  around,  the  symbol 
could  be  located.  This  was  considered  unacceptable  and  incre’rsod  the  workload  signifi¬ 
cantly.  This  deficiency  could  have'  been  easily  remedied'by  -  riting  this  symbol's  range 
of  travel. 

Display  clutter,  particularly  in  the  gunnery  and  bombing  modes,  degraded  the 
ov.erall  usability  of  the  WFOV  HUD.  Symbology  displayed  when  approaching  a  target  was 
often  cluttered  by  having, the  pipper,  pitch  line,  flight  path  marker  and  symbols 
obscuring  each  other.  Also,  multiple  images  of  the  0  degree  pitch  reference  line,  which 
appeared  as  three  lines  with  the  top  line  breaking  away  from  the  other  two  were 
reported.  In  one  instance,  the  aiming  pipper  also  appeared  to  be  Composed  of  multiple 
images.  If  the  symbol  brightness  were  turned  down  to  an  uncomfortable  low  level  the 


ghost  images  would  disappear.  These  two  observations,  however,  were  not  noted  by  the 
majority  of  pilots. 

Nighttime  Operations. 

The  night  evaluation  of  the  HUD  did  not  expose  any  significant  findings  not 
already  identified.  Field-of-view,  depth  perception/distortion,  color  changes/ 
transmissivity  and  head  motion  box  comments  remained  unchanged. 

One  deficiency  originally  identified  during  the  day  evaluation  produced  a 
completely  different  characteristic  at  night.  The  AUTO  brightness  mode,  which  caused  no 
significant  symbology  brightness  change  during  the  day,  caused  erratic  brightness 
changes  during  the  night  flights  which  made  this  mode  unusable.  The  NIGHT  mode  proved 
to  be  adequate  and  the  DAY  mode  was  usable  at  night  although  it  was  slightly  too  bright. 

Reflections  were  significantly  less  noticeable  at  riight  compared  to  day  opera¬ 
tions.  Reflections  of  interior  cockpit  panels,  flight  cards,  etc.,  were  observed  but 
were  considered  less  distracting  than  those  observed  during  the  day.  The  most  conspi¬ 
cuous  night  reflections  experienced  were  from  the  emergency  (thunderstorm)  flood  light 
which  greatly  increased  the  interior  cockpit  illumination.  The  predominant  reflections 
reported  when  using  these  lights  include  the  arms,  hands,  aircraft  console  panels,  and 
flight  cards.  During  simulated  attacks  under  aerial  flares  and  ground  illuminated 
targets,  some  reflections  were  observed  but  were  not  reported  as  being  objectionable. 
During  aerial  refueling,  the  tail  mounted  flood  lights  on  the  KC-135  tanker  illuminated 
the  cockpit  interior  and  caused  some  reflections  on  the  HUD.  However,  the  flood  light 
was  not  required  for  in-flight  refueling  of  the  A-10  and,  once  extinguished,  cockpit 
reflections  during  refueling  were  eliminated.  Night  reflections  in  the  HUD  were  minimal 
and  the  HUD  was  rated  satisfactory. 

Several  night  flights  were  flown  with  the  moon  present  at  one  half  to  near  full 
conditions.  Moon  reflections  were  reported  when  the  moon  was  at  a  high  angle  to  the 
HUD,  however,  these  moon  reflections  were  weak  and  not  objectionable. 

The  HUD  control  panel  had  an  additional  deficiency  noted  during  the  night  opera¬ 
tions.  The  control  panel  back-lighting  was  considered  satisfactory  hut  the  knobs  were 
not  shape  coded  and  did  not  provide  sufficient  tactile  identification. 

Data  from  the  air-to-ground  gunnery  and  bombing  missions  were  analyzed  to  deter¬ 
mine  if  there  were  any  significant  degradations  to  the  accuracy  of  the  A-10  by  the  addi¬ 
tion  of  the  WFOV  HUD.  The  findings  indicte  that  the  existing  air-to-ground  capability 
of  the  A-10  was  not  degraded  by  the  addition  of  the  WFOV  HUD.  The  HUD  appeared  to 
portray  the  correct  aiming  solutions  for  gunnery  and  bombing  tasks  but  the  results  pro¬ 
vided  only  an  intuitive  feel  for  the  contribution  of  the  HUD  to  the  A-10' a  accuracy  per- 
fomance.  Quantitative  flight  test  of  the  WFOV  HUD  in  the  air-to-ground  gunnery  and 
bomoing  modes  is  yet  to  be  conducted. 

Table  5  tabulates  the  results  of  the  functional  equivalency  evaluation.  When 
compared  to  the  production  A-10  HUD  within  the  criteria  established,  the  WFOV  HUD  was 
determined  to  be  functionally  equivalent , 


TABLE  5  SUMMARY  OF  A-10  WFOV  HUO  FUNCTIONAL  EQUIVALENCY  EVALUATION 


CHARACTERISTICS 

RATING 

DAY 

NIGHT 

OPTICAL:, 

FI ELO-OF-VIEW 

EXCELLENT 

EXCELLENT 

DEPTH  PERCEPTION/DISTORTION 

SATISFACTORY 

SATISFACTORY 

.  COLOP.  CHANGES/TRANSMISSIVITY 

SATISFACTORY 

SATISFACTORY 

HEAD  MOTION  BOX 

SATISFACTORY 

SATISFACTORY. 

SYMBOLOGY  BRIGHTNESS 

SATISFACTORY 

SATISFACTORY 

REFLECTIONS 

MARGINAL 

SATISFACTORY 

SUNSPOTS 

MARGINAL 

N/A 

MECHANICAL: 

VISIBILITY 

EXCELLENT 

,  EXCELLENT 

SCENE  BLOCKAGE 

SATISFACTORY 

SATISFACTORY 

CONTROLS /SWI TCHES 

MARGINAL 

MARGINAL 

SYMBOLOGY: 

SYMBOL  GENERATION 

UNSATISFACTORY 

UNSATISFACTORY 

MECHANIZATION 

MARGINAL' 

MARGINAL 

Video  Raster: 


The  video  raster  capability  of  the  WFOV  HUD  was  demonstrated  during  two  night 
flights  with  the  General  Dynamics/Texas  Instruments  FLIR  pod.  The  flights  were  flown 
over  a  variety  of  terrain  types  and  included  several  approaches  and  landings.  Two  WFOV 
HUD  systems  were  flown  to  evaluate  any  differences  as  a  result  of  different 
hardware/software  combinations. 

The  greater  FOV  provided  by  the  HUD  enhanced  the  video  raster  capability.  The 
improved  FOV  was  very  helpful  in  terrain  avoidance.  There  was  no  hesitancy  to  maneuver 
the  aircraft  and  the  FOV  was  sufficient  for  low  level  terrain  avoidance  and  terrain 
following  tastes. 

Recognition  of  objects  seen  on  the  display  was  marginal.  While  flying  at  2,000  feet 
above  ground  level  (AGL)  pilots  could  barely  discriminate  large  vehicles  (trucks  and 
buses)  at  very  short  slant  ranges  and  smaller  vehicles  (cars)  were  reported  as  being  dif¬ 
ficult,  if  not  impossible,  to  reslove.  Terrain  features  (lar'cn;  trees,  ridges,  etc.), 
could  be  identified  sufficiently  to  perform  navigation  tasiis  but  ground  attacks  with  the 
tested  system  were  only  m&rginailly  possible  and  thus  the  system  was  rated  inadequate. 

The  simultaneous  stroke  written  symbology  and  video  raster  presentation  were  very 
good.  The  display  had  some  minor  rastsc  distortion  around  the  edges  but  was  reported  to 
be  insignificant  and  acceptable,  fne  FLIR  picture  and  real-world  registration  were 
estimated  to  be  within  two  miiliradians  (mr)  of  each  other.  Problems  of  imaging,  that 
of  the  real-world  bleeding  through  the  video  raster  picture,  were  not  seen.  There  w;, 
no  discernable  mismatch  when  viewing  the  real-world  through  the  HUD  and  there  were  no. 
problems  with  any  double  Images. 

The  prototype  switches  and  non-operat.ionally  integrated  system  controls  made  FLIR 
adjustments  very  difficult.  Pilots  were  required  to  look  into  the  cockpit  when  making 
these  adjustments.  During  high  workload  situations  tuning  the  display,  adjusting 
contrast,  brightness  and  gain  levels,  was  considered  too  time  consuming  and  increased 
the  likelihood  of  errors. 

Display  brightness  and  symbology  were  judged  to  be  adequate.  An.  adequate  range  of 
brightness  was  available  and  the  symbology  was  clea:  and  crisp.  Since  the  symbology 
background  was  the  FLIR  picture,  background  intensity  changes  would  occasionally 
require  compensating  symbol  brightness  changes.  This  was  an  annoyance  which  could  be 
tolerated. 

No  reflections  of  cockpit  lighting  on  the  HUD  were  reported  while  video  raster  was 
being  displayed.  With  the  white  cockpit  lighting  "on*  and  adjusted  to  a  comfortable 
level,  reflections  were  minimal.  Approaches  and  landings  to  a  brightly  lighted  runway 
produced  no  noticeable  reflections. 

There  was  no  significant  degradation  of  the  FLIR  video  picture  in  banks  up  to  30 
degrees.  FLIR  "blooming"  (washout)  in  turns  over  15  degrees  had  been  looked  for  since 
the  effect  had  been  noted  during  the  F-16  video  evaluation.  Modifications  to  the  FLIR 
.pod  by  Texas  Instruments  after  the  F-16  flights,  apparently  prevented  a  recurrence  of 
this  effect  during  the  A-10  flights.  This  feature  significantly  improved  the 
maneuvering  capability  of  the  aircraft. 

Because  of  the  altitudes  at  which  these  flights  were  conducted  (2,000  feet  AGL),  no 
depth  perception  difficulties  were  expected  or  reported.  During  the  approach  and 
landing  phases  of  the  flights,  no  difficulties  were  experiences  in  judging  range  or 
altitude  using  the  video  raster  presentation. 

The  A-10  FLIR  video  raster  flights  further  demonstrated  the  raster  capability  of  the 
WFOV  HUD.  Follow-on  flight  testing  of  the  WFOV  HUD  with  video  raster  was  recommended 
to  the  program  office  to  substantiate  the  HUD's  capabilities  vnd  further  define  its 
ch; racteristics.  •> 

CONCLUSION 

The  results  of  these  evaluations  were  briefed  to  the  F-16  and  A-10  program  offices 
in  January  1983  and  March  1983  respectively.  The  failure  of  the  WFOV  HUD  to  demonstrate 
functional  equivalency  with  the  production  F-16  HUD  was  an  area  that  had  significant 
ramifications  to  the  F-16C/D  (MSIP)  production  schedules.  The  final  decisions  relative 
to  this  program  was  two-fold:  1)  The  MSIP  HUD  reverted  to  a  wide-angle  conventional 
(WAC)  optics  HUD  and  2)  the  WFOV  HUD  optical  module  was  to  be  redesigned  and  further 
testing  with  this  new  configuration  was  to  be  continued. 

The  Marconi  Avionics  Wide  Angle  Conventional  (WAC)  HUD  (Figure  14)  has  essentially 
the  same  form,  fit  and  function  as  the  WFOV  HUD  with  the  primary  difference  being  in  the 
optical  module.  Where  the  WFOV  HUD  used  diffraction  optical  techniques  for  a  wide 
f ield-of-view,  the  WAC  HUD  uses  conventional  optics  to  obtain  a  significantly  larger 
f ield-of-view  than  the  present  production  HUD.  The  HUD  provides  the  pilot  with  an  IFOV 
of  13.45  degrees  vertical  by  20.0  degrees  horizontal.  The  TFOV  of  25.0  degrees  vertical 
and  horizontal  is  the  largest  possible  using  this  optical  technique  and  given  the  F-16 
cockpit  configuration  and  sizing  limitations.  The  first  flight  test  articles  are 
expected'  to  be  available  in  the  April-May  1984  time  frame. 


Ifi-l'y 


The  findings  of  the  WFO”  HUD  test  program  identified  various  areas  that  were  defi¬ 
cient  with  that  particular  HUD  configuration.  An  improperly  defined  head  motion  box,  a 
larger  than  desired  optical  combiner  frome,  transmissivity  losses,  canopy/HUD  decollima- 
ticn  effects  ar.d  internal  HUD  reflections  «“te  major  areas  that  required  correction 
before  this  HvO  could  be  considered  acceptable  for  incorporation  into,  operational 
aircraft . 

In  early  1983,  Marconi' Avionics  initiated  work  on  a  redesigned  optical  module  for 
the  WFOV  HOLD  to  correct  these  anomalies  and  substantially  improve  the  overall  acceptance 
of  this  HUD  (Figure  14).  The  new  cr duration  is  designed  to  alleviate  all  of  the  pre¬ 
viously  identified  ano- _ lies  indlud  c.he  canopy  decollimation  effect  which  is  improved 
by  decollimating  the  HUD  to  a  mean  /  determined  from  a  production  canopy  survey.  The 

use  of  a  single  piece  cast  combiner  frame  in  lieu  of  the  three  piece  supported  combiner 
is  also  expected  to  substantially  reduce  the  scene  blockage  effect  that  was  deemed  urac- 
cer  .able  with  the  previous  configuration. 


PROPOSED 

F-16C/D 

WIDE  ANGLE  CONVENTIONAL  (WAC)  OPTICS 
HEAD  UP  DISPLAY  (HUD) 


INSTANTANEOUS  FIELD-OF-VIEW  (IFOV) 
13.45  DEGREES  VERTICAL 
20.00  DEGREES  HORIZONTAL 

TOTAL  KIELD-OF-VIEW  (TFOV) 
25.00  DEGREES  VERTiCA! 

20. Cu  utuKttS  HORIZONTAL 


REDESIGNED 

F-16C/D 

WIDE  FIELD-OF-VIEW  (WFOV)  ' 
HEAD  UP  DISPLAY  V*HUD) 


INSTANTANEOUS  FIELD-OF-VIEW  (IFOV) 
18.00  DEGREES  VERTICAL 
'30.00  DEGREES  HORIZONTAL 


TOTAL  FIELD-OF-VIEW  (TFOV) 
20.00  DEGREES  VERTICAL 
30.00  DEGREES  HORIZONTAL 


FIGURE  14  PROPOSED  F-16C/D  WIDE'  ANGLE  CONVENTIONAL  (WAC)  OPTICS  HEAP  UP  DISPLAY  (LEFT) 
AND  REDESIGNED  WIDE  FIELD-OF-VIEW  HEAD  UP  DISPLAY  (.RIGHT). 


Flight  testing  of  this,  new  configuration  began  in  November  1983  and  is  on-going  at  . 
this  time.  The  availability  of  an  MSIP  configured  F-16  for  this  test  program  also  allows 
the  reconfigured  WFOV  HUD  to  be  tested  in  a  fully  integrated  configuration  and  should 
result  in  a  more  meaningful  test  of  the  WFOV  HUD. 

The  incorporation  of  the  WFOV  HUD  into  production  A-10  aircraft  is  still  undeter¬ 
mined.  The  decision  to  fit,  the  A-10  with  WFOV  HUDs  was  not  as  critical  as  the  F-16 
decision  since1  the  HUD  can  be  retrofitted  to  the  aircraft  and  does  not  require  the  total 
integration  as  was  the  case  for  the  F-16. 

The  development  of  the  WFOV  HUD  has  opened  a  new  frontier  in  both  design  technology 
and  test  and  evaluation  techniques.  As  with  any  new  state-of-the-art  system,  the  initial 
technical  application  exhibited  some  undesirable  characteristics  that  detracted  from  the 
overall  performance.  Much  to  the  credit  of  both  the  contractor  and  Air  Force  Test  and 
Evaluation  community,  most  of  the  shortcomings  have  been  identified  and  are  being 
corrected  during  the  current  phase  of  the  WFOV  HUD  development.  The  potential 
demonstrated  by  the  WFOV.  HUD  indicates  it  will,  have  a  major,  favorable  impact- on  the  next 
generation,  of  free  world  combat  aircraft. 
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Electronic  Support  Measurement  Systems  (ESMJ"  and  Systems  for  Electronic  Counter  Measures 
7£v*»i  of  military  aircraft  require  jr,:ernas  for  signal  transmission  ana  reception.  The 
coverage  of  these  antennas  ;s  an  important  parameter  in  the  effectiveness,  of  the 
systems.  As  the  radiation  patterns  of  aircraft  antennas  are  interfered  to  a  hi  gtef^  degree 
tv  tr.e  structure  and  configuration  of  the  aircraft,  flight  tests  are  conducted  in  -order 
to  prove  ire  coverage  cf  the  above-mentioned  systems,  in  addition,  the  accuracy  of  ESM 
systems ,  wmch  measure  the  direction  of  arrival  cf  an  incoming  radio  frequency  signal  on 
beard,  is  mostly  influenced  by  the  characteristics  of  the  receiving  anper.nas  anti  hence 
has  to  te  determined  ;n  flight  too. 

“r.e  Instifjt  of  Flight  Guidance  of  D TV  1.3  has  developed  a  system  which  covers  the  afore¬ 
said  requirements.- It  consists  cf  3  subsystems  1  • 

-  a  ground  emitter  system  illuminating  the  target  up  to  frequencies  of  13  GHz,  " 

-  an.  or. -board  receiving  system,  -which  detects  the  signals  received  by  the  antennas 

of  me  system  under  test  ■  -  ■  :  ■ 

-  a  data  acquisition  and  transmission  system,  which  transfers  cn-board  and  ground 

data  to  a  digital  computer  for  -quick-lock  and  data  processing.  * 

The  basic  system  philosophy  is  illustrated  in  Fig.  1.  An  on-board  ESM-System  measures 
t.h*  direction,  of  arrival  of  a  ground  transmitted  radio  frequency  signal,  denoted  b;  * 
e.g.  w.  th  respect  to  the  roil  axis  of  the  aircraft.  Taking  bearings  from  different  Knowft 
petitions  of  the  flight  path,  the  position  cf  the  ground  station  can  be  computed  for 
reconnaissance  purposes.  The  accuracy  of  this  computation  depends  on  the'  accuracy  of  the 
r.av : z  equipment  of  the  aircraft  and  the  accuracy  of  the  ESM-Syste-j  determining 

For  test  purposes,  as  in  Fig.  1  illustrate,  the  direction  of  arrival  angle  *  can  be 
computed,  if  the  heading  angle  •  and'  the  position  dependent  angle  g  are  known,  by 

*  ^  130s  -  a  -  *  Eq.  1 

The  heading  angle  ♦  is  usually  measured  by  an  on-bcnr.d  gyro  or.  platform  system.  The  po¬ 
st  tier.  dependent  angle  #  is  picked  up,  in  the  ground  station,  if  the  antenna  system  is 
tracking  tne  aircraft  ,  as  S  »  3f>0*  -  o,  a  being  the  tracking  angle  of  the  antenna.  Nec¬ 
essary  corrections  due  to  altitude  and  antenna  "levation  variations  are  discussed  below. 

At  last,  the  direction  of  arrival  out rut  signal  of  th"  £5M-Synt*»  is  compared  to  the  ar1:- 
gie  computed  by  the  test  sv-rtem  and  -the  error  is  plotted.  The  angular  accuracy  of  the 
measuring  system  has  to  be  considerably  signer  than  the  accuracy  of  the  EGMr  System. 

A  complete  .3A0*  angular  coverage  of  an  -FEM-Gystem  ;s  usually  performed  by  a  number  of 
■different  on-board  antenna  arrangements,  each  covering  a  certain  sector  of  the  tot.-il 
.angular  range  (rig.  3).  In  order  to  evaluate  ail  individual  sectors  and  transitions  from 
one  sector  to  the  next  one  the  aircraft  has  to  perform  a  complete  .560“  turn  during  a 
test  flight. 

Moreover,  the  performance  of  the  f.FM- fly  stem*  o  receiving  antennas  may  vary  with  respet  t 
to  the  depression  angle  illustrated  in  Fig.  3.  To  discover  this  influence,  test  flights 
in  different  proper  selected  alMtudes  and  distances  have  to  be  performed,  in  the  corse 
of  which  the  altitude  of  the  aircraft  has  to  be  takrn  into  account  too. 

An  £CM  Gy  stem  detects’  incoming  radio  .frequency  signals  in  order  to  warn  the  pilot,  of 
being  tracked  bv  a  ground  or  missile  radar  and  to  transmit  appropriate  .Jamming  signal:.. 
To'. achieve  an  ade.,. ate  near  spherical  coverage  of  the  receiving  and  transmitting  systtm 
usually  several  antennas  are  installed  on  board  the  aircraft,  and  the  directional  sensi¬ 
tivity  oi  t hest?  • antennas  have  to.be  tested  In  assure  the  required  coverage. 

The  basic  '-overage  test  method  is  very  similar  to  the  F.r.M-Gystem  test  ronf  1  gurat  <  -  , 

shown  ir.  Fig.  1.  lust  *ne  direction  of  arrival  •  R  is  replaced  by  the  aspect -angle  !  r. 

addition  th"  distance  d  between  the  ground  station  and  the  at  .-craft  has  t/i  t  - 


and  ♦-  are  .-assured  in  an  aircraft  orient*'?  coord mate,  syst e- 
In  a  ground  oared  system,  the  necessary  esordir.ate  trar.sfor- 
d  equations,  if  one  earth  curvature  is  neglected  1G..093  for  ’ID 
nearly!  in  the  range  of  interest,  we  get  as  giver  in  Ref.  1; 


wr.  ere 

A  =  -  cosp„  cos!  >-».  }cojS  -  sino_  sir.l 
X  i  A  i. 

A  »  ccsjj  (sin(  *-«A>cos^-  cos(*-«A)  sir,*  simp)  ♦  sino_  cos*  sin«p 
A7  =  -  cosjr  ( cos!  *- .>A )  cos  *  cos  4  »  sin!*-p.)  sinip)  *  sine,  cos*  cosip 

Distance  correction  of  received  power  level  is  derived  from  the  transmi ssion  equation  of 
the  air-ground  propagation  channel.  If  logarithmic,  units  of  measure  are  used  this  ex¬ 
pression  after  Ref.  1  becomes: 

Ga  *  -  P,  -  GT  -  Gm  ♦  L  ♦  201ogd  >  201ogf  *  2.4B  dB  id.  4 

If  is 

G„  =  gain  of  receiving  antenna  in  dB 

P^  =  input  power  of  receiver  in  d3^  ( dB  above  i  m  w) 

Pf  ■=  output  power  of  transmitter  irt  dB  l dB  above  1  tfi 
Of  =  gain  of  transmitting  antenna  in  JB 
*  gain  cf  reflecting  ground  in  dB 

If  =  line  losses  ('between  power  measuring  terminals  avid  antennas)  :,rt  dB 
1  *  distance  between  transmitting  and  receiving  antenna  in  km 

f  -  transmitting  frequency  in  MHz 

After  all  necessary  calculations  with  respect  to  Eq.  2,  3  and  4  are  completed,  the  gain 
of  the  antenna  under  test  pan  be  plotted  as  a  function  of  the  horizontal  or  vertical 
aspec t  angle 

Usually  the  EC.M-Hecei  ver  is  not  fit  for  measuring  the  received  power  level.  Therefore  a 
special  wiue-band  power  level  measuring  device  with  high  Input  sensitivity  had  to  be 
developed,  being  able  to  replace  the  ECM-Equipment  also  physically  during  the  flight 
tests.  Further  details  follow  below. 

Attitude  parameters  are  derived  from  a  , gyro  or  platform  system  on-board,  the  aircraft. 
Position  paramete-s  are  detached  from  an  on-board  radio  navigation  sys'em  and.  the  ground 
antenna  tracking  system.  All  on-board  derived  data  is  transmitted  to  the  ground  station 
via  a  telemetry  link,  t  high  precision  telemetry  ground  tracking  antenna  traces  the  air¬ 
craft  automatically. 

The  high  gain  ground  emitter  antenna  illuminating  the  .aircraft  is  slav»d  to’  the  teleme¬ 
try  antenna.  ■  ■  . 

'  Peal  time  calculation  is  done  by  a  digital  processor.  The  process or  output  supplies 
aspect,  angle,  coverage  for  ECM-.lysf  ems ,  angular  accuracy  for  ESM-.iy  stems,  as  well  as 
flight  path  parameters  In  analog  voltages  for  graphic  presentation. 

Angular  accuracy  and  coverage  are  plotted  In  polar  coordinates.  During  flight  tests 
these  printouts  are  a  .main  decision  element  for  continuing  the  flight  test  program. 


estal  'carrying  the  parabolic  antennas,  which  can  be  mounted  atop  the  roof  of  the  con¬ 
tainer.  So  the  ground  station  is  fully  mobile  and  can  be  transported  by  air,  ship  or 
irucK  to  any  place  in  the  world.  .  ir.  order  tc  prevent  damages  during  transportation  all 
racks  inside  the  container  are  shock  and  vibration  isolated  from  the  'container  struc¬ 
ture  .  • 

The  arrangement  used  for  ESM-measurements  is  il lu-frcted  in  Fig.  4,  the  upper  part  of 
which  illustrates  a  synthesizer,  as  main  SF-stgr.al  source,  a  modulator,  a  frequency  mul¬ 
tiplier  and  a  power  amplifier.  The  power  amplifier  has  to  be  adapted  to  the  allocated 
frequency  band.  Different  octave  sand  travelling  wave  amplifiers  (TWTA)  with  an  output 
power  up  to  20  W  and  for  higr.er  frequencies  up  mo  100  W  are  available.  Feed  antennas  - 
in  most  cases  horns  -  installed  in  the  parabolic  dish  have  to  be  interchanged  as  well  ir. 
order  tc  meet  the  desired  frequency  band  and  polarization.  This  antenna  system  is  slaved 
to  the  .a.'matic  tracking  system  called  Monotrac,  which  receives  telemetry  data  from  the 
aircraft  under  test. 

Mcnotrac  is  a  fully  automatic,  tracking  system,  but  it  is  recommended  to  monitor  the 
automatic  tracking  as  interferences  by  ground  reflections  may  cause  the  system  to  lose 
bearing.  A  dipole  feed  system  arranged  in  the  focus  of  the  3  meter  parabolic  dish  of  the 
high  gain  antenna  detects  the  direction  of  the  incoming  Hr  signal.  A  resulting  error 
signal  is  fed  through  the  receivers  as  well  as  the  telemetry  signal.  In  a  control  unit 
control  signals  are  set  up  from  the  error  voltages  steering  the  motor  drives  in  both 
axes.  The  unit  can  operate  in  different  modes,  separately  selectable  for  both  axes.  So, 
the  pedestal  may  be  slaved  by  computer  data  or  the  position  or  the  turning  speed  can  be, 
adjusted  manually.  In  addition  a  TV  monitoring  system  is  mounted  aside,  the  parabolic 
antenna  to  pick  up  and  be  sure  to  correctly  track  the’  aircraft  on  direct  path.  The 
second  transmitting  antenna  illuminating  the  target  is  slaved  electrically  or  mechani¬ 
cally  to  the  Monotrac  antenna.  By  this  the  tracking  system  guarantees,  besides  an 
uninterrupted  data  link,  also  proper  illumination  of  the  aircraft  by  the  test  emitter. 

The  video  output  of  the  receiver  system  is  connected  to  a  PCM  decoder  and  magnetic  tape 
recorder.  The  PCM  decoder  restores  and  Interfaces  the  data  tc  a  computer.  Quick-look 
presentation  of  the  measurement  results,  including  plotted  raw  data  and  flight  path,  is 
possible  by  using  the  computer  and  appropriate  software.  In  addition  selected  data  chan¬ 
nels  may  be  routed  directly  from  the  PCM  device  to  a  strip  chart  recorder. 

For  off-line  evaluation  the  received  data  as  well  as  ground  dehived  data  like  tracking 
angles,  encoded  by  a  PCM  device,  is  recorded  on  magnetic  tape.  To  guarantee  error-free 
recordings  for  evaluation  later  on  reproduce  control  is  done  by  an  oscilloscope  In  com¬ 
bination  with  an  universal  PCM  decommutator . 

In  addition  to  these  data  processing  devices  a  time  code  generator  synchronized  by  radio 
station  I5CF7?'  is  used  for  data  identification  on  the  magnetic  tape.  With  regard  to  the 
hazardous  high  RF  signal  strength  radiated  It  is  very  important  to  limit  the  illuminated 
surrounding  area  especially  at  low  tracking  angles.  So,  not  to, endanger  people  a.small 
computer  monl tores  the  radiation  angles  and  m  case  of  unwanted  directions  reduces  the 
RF  signal  power  automatically. 

To  handle  and  control  flights  the  flight  test  engineers  can  use  VHF/'JHF-transceivers  and. 
telephone  which  are  installed  in  the  container  too.  If  there  is  no  briefing  and  mainte¬ 
nance  room  available  a  second  container  is  supplied.  Fig.  b  gives  an  overall  view  of  the 
described  ground  station  including  telemetry  antenna  (the  large  dish)  and  the  mechani¬ 
cally  s 1 aved  source  antenna  illuminating  the  "arget. 

A  special  test  receiver  for  the  measurement  of  ECM  antenna  coverage  had  to  be  designed 
and • prepared ,  small  enough  to  be  installed  within  an  original  ECM-pod.  Due  to  the  broad 
required  frequency  band  the  tuner  section  has  been  split  Into  two  separate  signal  paths 
(Fig.  6).  A  double  superheterodyne  prihzlple  with  special  quartz  stabilized  local  oscil¬ 
lators-  has  been  provided  in  order  to  permit  small  IF  bandwidth  filters,  which  increase 
the  over-all  sensitivity. 

Two  separate  demodulators  detect  the  amplified  incoming  signal.  The  FM-d 1  sc r 1 mlnator 
detects  extraneous  interferences  from  other  stations  eventually  radiating  within  the 
same  frequency  band.  The  dynamic  range  of  the  AM  demodulator  covering  flO  dB  ir.  amplitude 
enables  operation  within  a  large  distance  range  of  the  aircraft  under  test  and  the 
ground  station.  Moreover,  the  adaption  to  various  on  board  installations,  including  an¬ 
tenna  and  cable  attenuation,  is  '-nhanced.  Because  or  frequency  management  limitations 
only  a  few  discrete  frequencies  are  usable  for  antenna  measurements.  So,  fixed  filters 
and  local  oscillators  are  provided  to  reduce  size,  weight  and  engineering  effort  of  the 
receiver. 


.u  io.i  apputauons  tne  ground  station  has  been  sucessfully  used  as  well-  Usually  the 
error  of  the  DOA-angle  (Direction  Of  Arrival)  is  plotted  in  relation  to  the  correct 
angle.  The  distinct  sectors  originate  from  the  different  antennas  causing  overlapping 
regions,  ar.c  the  correction  tables  in  the  computer  utilities  of  the  ESM  equipment. 
Different  regions  of  quality  are  demonstrated  in  Fig.  8.  Depending  an  the  accuracy  of 
the  ESM-systein  under  test,  the  full  scale,  of  the  error  reading  has  to  be  adapted. 

Summarized,  the  specification  data  of  the  test  system  developed  by  3FVL3  are  listed  in 
Tab.  1.  Constructing  on  available  telemetry  and  in-flight  antenna  calibration  equipment 
for  VHF  and  UHF  applications,  it  was  possible  to  realize  the  ground  station  within  a 
short  time.  On  the  other  hand  the  special  receiver  design  required  about  20  months  due 
to  the  long  delivery  time  of  the  RF  components.  The  future  tasks  are  ta  increase  the 
accuracy  of  measurement  data,  and  to  improve  and  transfer  the  existing  software  to  a  new 
generation  of  omputing  equipment. 
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Antenna  Radiation  Pattern 

Aircraft:  D028,  Type  of  Antenna:  ftanopole 
Frequency:  1.5  6Hz.  Bank  Angle:  0±5  Deg. 
Ref.  Pattern:  -  flonopole 
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SUMMARY 
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'  -^The  multirole  characteristic  of  TORNADO  results  in  an  almost  universal  capability  to  carry  an  array 
of  existing  stores  in  every  conceivable  combination,  within  different  operational  flight  envelopes. 

In  order  to  verify  the  structural  integrity  of  the  aircraft  when  carrying  stores,  a  comprehensive  flight 
loads  survey  programme  was  set  up  to  validate  the  store  aerodynamics  used  for  the  design  of  pylon 
attachments  to  the  main  structure,  the  pylons,  the  ERU's  and  the  store  structure.  r 

Preliminary  indications  of  store  loads  measurements  have  been  given  in  a- paper  presented  at  the  61st  FMP 
Symposium  in  1982.  This  common  AlT  and  MBB  paper  gives  now  a  description  of jfcHe  overall  stores  flight  test 
programme  including  the  instrumentation  and  calibration  procedures,  the  flight  test  techniques  and  a 
presentation  of  the  to  date  available  data.  ,*•  f*  ■>  . 

Finally  an^explanation  of  the  mos'  significant  problems  occurred  during  this  task^will  bw^  pointed  out. 

1.  DESCRIPTION  OF  TORNADO 

The  main  feature  of  the  design  of  TORNADO  has  been  a  high  weapon  loading  capability  and  high  speed 
'ow  level  attack  mission  resulting  in  a  compact  fuselage  and  shoulder  mounted  sweep  wing,  which  can  be 
varied  between  25  and  68  degrees  (see  Fig.  1).  Lift  augmentation  for  take-off,  landing  and  manoeuvering  is 
provided  by  full-span  leading  edge, slats,  double  slotted  trailing  edge  flaps  and  Krueger  flaps  at  the 
highly  swept  inner  fixed  wing  (nib). 

TORNADO  is  equipped  with  a  total  of  seven  pylons,  three  under  fuselage  (two  shoulder  dIus  one  centreline 
station)  and  two  swiveling  pylons  (I/B  and  0/B  station)  underneath  each  movable  wing. 

The  streamwise  orientation  of  these  pylons  during  sweeping  is  automatically  achieved  by  a  rod  system, 
which  is  fixed  at  the  fuselage,  connecting  both  the  wing  pylons. 

2.  WEAPON  CAPABILITY 


The  multirole  concept  requires  the  capability  to  carry  a  wide  range  of  external’  stores  in  different 
combinations  according  to  the  purpose  of  the  mission  (see  Fig.  2):  fuel  tanks  for  long  range,  air-to-air, 
air-to-ground  and  antiship  missiles  to  provide  adequate  defence  and  attack  performing,  dispenser  and  a 
variety  of  bombs  depending  on  the  mission  target,  electronic  counter  measure  pods  to  improve  the  aircraft 
defensive  capability,  reconaissance  pod  for  photographic  survey.  In  addition,  the  operational  capability 
to  manoeuvre  under  loaded  conditions  for  self  defence  without  having  co  jettison  the  stores,  allowing  the 
mission  target,  is  granted.  ■ 

The  basic  TORNADO  was  developed  with  a  carriage  system  including  MACE  ERU’s;  a  subsequent  change  of  FRG 
and  IT  Air  Forces,  requirements  due  to  the  need  to  carry  MW-1,  NATO  weapons  and  conventional  stores  without 
exchange  of  adapters/ERU’s  for  the  different  configurations,  has  imposed  the  study  of  a  new  system  with 
revised  fuselage  pylons  and  ERU’s  (see  Fig.  3). 

In  the  following,  the  main  features  of  the  M*UE  (Minimum  Area  Crutchless  Equipment)  (see  Fig.  4),  and  the 
MWCS  (Multi  Weapon  Carriage  System)  (see  Fig.  5),  will  be  briefly  summarized: 

MACE  : 

-  Internal  swaybracing  system  by  means  of  a  dual  nib  hook  saddle/lug  arrangement  using  automatic 
wedges  and  additional  saddle  location  spigots. 

-  Manual  closing  of  the  hooks. 

-  Reaction  of  applied  store  loads: 

2  -  forces  by  hooks  or. d  wedges 
A  and  Y  -  forces  by  saddle  location  spigots. 

MWCS  : 

-  Independent,  self-adjusting  semi-automatic  external  crutchans  mechanism  consisting  of  an  upper 
stiff  arm  (swaybrace) 1  and  lower  flexible  arm  (springarm). 

-  Automatic  closing  of  the  hooks.  , 
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Z  -  forces  by  hooks  and  crutcharms. 

Y  -  forces  by  crutcharms  and  lug/ERU  interaction. 

X  -  forces  by  the  lugs  into  the  main  body  via  lug  pocket. 

The  carriage  capability,  spread  over  13  attacnment  points  for  MACE  and  15  for  MWCS  is  practically  the 
same  for  the  two  systems  for  almost  the  complete  series  of  stores;  specific  features  are  the  Twin  Store 
Carriers' for  the  MACE  System  and,  for  MWCS,  the  MW-t  and  the  Quadruple  Store  Carrier  especially  developed 
for  palletized  low  drag  weapon  carriage  under  fuselage  (see  Fig.  3).  . 

3.  DESIGN  LOADS  CRITERIA  AM?  PURPOSE  OF  FLIGHT  MEASUREMENTS  ON  EXTERNAL  STORES. 

The  aircraft  components  design  is  derived  from  the  requirements  of  the  MIL-A-8860  specification 
series.  Despite  of  existing  AvP  97p  and  Air  2004E,  MIL-A-8861  is  the  main  basis  for  the  performance  of 
response  calculations.  Except  for  so  called  "exotic  manoeuvres"  (post  3tall)  where  realistic  operational 
manoeuvre  simulations  ire  performed,  to  day's  common  practice  is  to  perform  the  MIL  "Strength  Manoeuvres" 
using  5  tc  6  degrees  of  .freedom  programmes  including:  * 

-  All  non  linearities  in  the  response  equations  and  flexible  aircraft  aerodynamics. 

-  Control  systems  laws  and  force  dependent  actuator  models. 

-  Flexible  component  aerodynamics  for  loads  monitoring. 

For  the  adaption  of  external  stores,  the  rapid  rolling  manoeuvres  are  of  special  interest 
representing  most  design  critical  conditions. 

The  definition  of  the  store  loads  is  complicated  by  the  variable  wing  geometry  with  its  adjustable  sweep 
positions  (25“,  45°,  68°)  which  greatly  affects  the  following  characteristics: 

A/C  responses  : 

the  aerodynamic  apd  inertia  characteristics  are  highly  influenced  by  the  wing  sweep  angle  (pratically 
3  aircraft). 

Store  aerodynamics  : 

the  aerodynamic  coefficients  for  under'  wing  mounted  stores  are  a  function  of  sweep  angle, with 
additional  mutual  variable  interferences  between  fuselage  and  wing  stores. 

Elastic  effects  : 

elastic  interaction  between  1/8  and  0/B  mounted  stores  due  to  control  line  flexibility. 

In  the  preliminary  design  phase  the  aerodynamic  derivatives  for  the  aircraft  and  components  are 
derived  from  theory  and  early  W/T  measurements.  This  data  base  is  continuously  updated  in  the  following 
design  phases,  especially  during  early  prototype  flying.'  An  improvement  of  aircraft  aerodynamics  is 
expected  from  the  parameter  identification  process  using  the  results  of: 

-  data  gathering  {lights  (stick  jerks,  yaw  doublets,  partial  rolls)  up  to: 

-  rapid  rolling  manoeuvres  ( box  car  rolls)  where  the  overall  aircraft  calculation  model  including 
local  dynamic  effects  is  checked  and  updated. ' 

Concerning  the  calculation  model  for  component  loadB,  especially  the  stores,  it  is  necessary  to  check 
the  W/T  measurements  in  flight  in  order  to  cover  realistic  conditions  for  Re-number,  shock  boundary  layer 
interactions,  scale  and  transonic  interference  effects  etc.  , 

M1L-A-8871  is  requiring  a  variety  of  in  flight  measurements  in  order  to  cover  these  effects  for  structural 
design. 

It  has  turned  out  to  be  acceptable  practice  bo  update  the  calculation  models  with  "lets  say"  uncritical 
manoeuvres  and  to  demonstrate  structural  integrity  by  ground  tests  and  calculation. 

4.  CONCEPT  OF  INSTRUMENTATION 

In  the  overall  TORNADO  structural  flight  test  programme  one  prototype  has  been  devoted  to 
comprehensive  loads  measurements. 

The  aircraft  was  specifically  instrumented  to  reach  this  target,  and  in  addition  it  was  equipped  with  a 
full  primary  structure  instrumentation  to  monitor  the  loads  interactions  due  to  the  presence  of  stores. 
Thus  wing  sectional  and  taileron  loads  were  measured  while  the  loads  on  the  Movable  control  surfaces  were 
obtained  instrumenting  the  actuators. 


The  main  investigation  was  done  during  MACE  system  flight  testing  producing  the  evidence  of  aircraft 
capability  to  carry  selected  stores  in  the  full  flight  envelope. 

During  MWCS  system  testing,  being  the  programme  peculiarity  dedicated  to  investigate  store  suspension 
loads,  store  total  loads  and  pylon  attachements  behaviour,  only  some  check  parameters  have  been  recorded 
again  for  cross  checking  purpose  with  MACE. 

The  aircraft  was  also  provided  with  a  full  standard  instrumentation  to  allow  complete  correlation  between 
measured  loads  and  flight  parameters:  aerodynamic  configuration  parameters  (wing  sweep,  high  lift- 
manoeuvering  devices),  flight  parameters  (Mach  number,  speed,  altitude),,  aircraft  attitude  (incidence, 
sideslip  and  bank  angles),  aircraft  response  parameters  (linear  accelerations,  angular  rates  and 
accelerations),  control  surfaces  positions  (spoiler , taileron,  rudder  deflections). 

4.1  STORE  ATTACHMENT  INSTRUMENTATION 

Different  instrumentation  concepts  were  adopted  for  MACE  and  MWCS  systems  programme.1 
MACE  flight  testing  covered  the  aircraft  development,  and  therefore  the  investigation  of  underwing 
stores/wing  structure  interactions  was  the  main  purpose. 

Right  I/B  and  0/B  wing  pylons  have  been  fully  instrumented  and  tested. 

.An  attempt  was  also  made  to  obtain  loads  indications  from  under  fuselage  carried  stores,  first 
instrumenting  the  shouluer  adapter  and  then  a  specifically  developed  dummy  ERU.  Some  acceptable  results 
for  design  conditions  check  were  obtained  just  with  the  dummy  MACE  ER'J. 

In  contrary  to  MACE,  MWCS  testing  programme  was  planned  not  only  to  measure  store  loads,  but  in  particular 
to  assess  the  static  and  dynamic  behaviour  of  the  EDO  ERU '3  and  their  components,  still  under  development, 
and  to  verify  their  capability  to  carry  the  proper  stores  within  the  required  flight  envelope,  proving  the 
operational  validity  of  thi3  new  concept  of  ERU. 

To  cover  all  these  aspects  it  has  been  decided  to  use  a  standard  ERU,  even  if  this  choice  has  caused 
considerable  time  spent  in  a  specific  instrumentation  study  and  development,  to  overcom '  the  problems 
due  to  redundant  load  oaths,  possible  poor  signal  levels  and  sensitivities  highly  dependant  on  the 
preload  values  on  hook3  and  springarms  and  interaction  between  single  loads.  Since  the  MWCS  is  now  the 
standard  store  carriage  system  of  TORNADO  for  FRG  and  IT,  the  relevant  activities  will  be  deeply  discussed 
giving  only  comparisons  with  MACE  when  necessary. 

4.2  MWCS  INSTRUMENTATION  CRITERIA 

The  under-fuselage  adapter  spigots  and  the  ERU's  installed  in  the  design  critical  stations  have  been 
straingauged. 

The  criteria,  adopted  for  the  flight  loads  survey,  included  : 

1.  the  measurement  of  the  attachment  loads  (spigots)  of  the  shoulder  and  of  the  centreline  pylons  to  the 
fuselage  thus  obtaining  the  load  distribution  into  the  fuselage  for  heavy  store  carriage  (MW-i,  (JSC). 

2.  the  measurement  of  the  attachment  stores  loads  on  Ejection  Release  Units  (ERU's)  in  the  following 
locations: 

-  left  wing  0/B  pylon  (14"  LMERU) 

-  right  wing  1/3  pylon  (30"  HMERU) 

-  centreline  adapter  (30"/14"  HMERU) 

-  right  shoulder  adapter  (14"  fwd  LMERU  and  30"  HMERU). 

■  Fig.  6  illustrates  the  positions  of  the  instrumented  store  racks  in  respect  to  the  entire  capability 
of  the  aircraft. 

Some  considerations  about  the  load  carrying  structures  of  the  adapter  spigots  and  ERU's. are  useful  to 
clarify  instrumentation  criteria. 

Fu3clagc-Pylon  Attachment 

Each  shoulder  adapter  (pylon),  is  suspended  under  the  fuselage  by  two  main  spigots  carrying  vertical 
and  side  load  as  well  as  rolling  moment  and  two  auxiliary  spigots  at  the  forward  and  aft  sections  carrying 
only  vertical  and  side  loads  (Fig.  •  7 ) .  The  longitudinal  load  is  principally  reacted  by  the  aft  main 
spigot,  the  forward  main  spigot  carries  just  some  longitudinal  load  by  friction  in  a  sliding  bearing. 

The  centreline  adapter  is  suspended  .  on  two  main  spigots  carrying  simultaneously  all  loads  except 
longitudinal,  which  is  only  reacted  by  the  aft  spigot.  The  centreline  adapter  has .  an  equipment  box 
attached  to  the  rear  end,  which  is  suspended  by  a  separate  spigot  not  carrying  loads  from  stores  and 
therefore  not  instrumented.  Tables  1  shows  the  summary  of  the  spigot  instrumentation. 

EDO  ERU's 

The  unique  feature  of  the  EDO-ERU's  13  the  separation  of  the  crutcharms  into  two  components:  the 
springarm  for  -he  maintaining  of  store  suspension  pretension  and  the  swaybrace  for  the  carriage  of  the 
higher  loads.  With  this  feature,  and  with  a  set  of  movsble  wedges,  an  automatic  crutcharm  closure 
mechanism  is  provided.  Fig.  8  shows  the  principle  of  the  movable  crutcharms.-  ‘ 


The  attachment  loads  paths  can  be  described  as  follows: 

Fx  :  From  the  lugs  into  the  main  body  via  the  lug  pocket. 

Fy  :  From  the  lugs  as  side  force  into  the  hook  (HMERU)  or  into  the  lug  pocket 

(LMERU)  plus  side  component  of  the  crutcharm  normal  load. 

Fz  :  Sum  of  hook  loads  and  crutcharm  vertical  components. 

Mx  :  Rolling  moment  from  crutcharm  normal  loads. 

My  :  Pitching  moment  from  Fz  of  forward  and  aft  hooks  and  crutcharms ■ 

Mz  :  Yawing  moment  from  lug-side  loads  and  from  the  crutcharm  side-components 

Fy  :  Yaw  Spigot. 

The  yaw  spigot  is  only  used  for  heavy  store  carriage  on  fuselage  adapters.  It  is  fitted 
outside  of  the  HMERU  and  reacts  against  the  adapter  0.828  m  in  front  of  ERU  centre  line,  to 
support  a  contribution  of  the  store  side  force  and  yawing  moment. 

With  this  load  paths  description,  a  straingauge  instrumentation  was  developed  as  described  in  Table  2 
taking  into  account  the  small  design  differences  between  LMERU 's  and  HMERU’ s  which  in  a  few  areas  made  a 
different  instrumentation  method  necessary.  No  reaisonable  instrumentation  was  found  for  the  determination 
of  the  longitudinal  load. 

4.3  MACE  INSTRUMENTATION  CRITERIA 

With  the  assumption  that  in  the  MACE  version  the  store  measurements  have  been  considered  as  relevant 
contribution  to  the  aircraft  structure  qualification,  the  instrumentation  for  stores  measurements  was 
mainly  dedicated  to  the  interface  areas  between  the  pylons  and  the  main  structure. 

Underwing  pylons  spigots  were  instrumented  to  measure  total  loads  from  store  and  pylon  contributions: 
straingauges  full  bridges  were  installed  on  <-h»  spigot  to  allow  the  rolling  and  pitching  moments 
measurements:  the  yawing  moment  was  measured  by  a  straingauge  at  the  pylon  turning  rod. 

An  attempt  was  also  made  to  measure  the  pylon  forces  although  diffici lties  have  been  encountered  for  a 
reasonable  straingauge  instrumentation  at  the  pylon  structure.  The  leads  outputs  during  flight  testing 
were  very  poor  despite  of  acceptable  results  during  on  rig  and  on  aircraft  calibrations. 

Therefore,  for  the  specific  purpose  of  the  aircraft  qualification,  the  measurements  of  the  three  moments 
were  satisfactorily  used,  being  the  most  significant  loads  of  the  particular  structure  of  the  spigot. 

Some  detailed  picture  about  these  measurements  and  the  relevant  matching  are  in  Fig.  9.1,  9.2  and  9.3. 

5.  DETAILED  INSTRUMENTATION  PROCEDURE 

5.1  GENERAL  ON  INSTRUMENTATION  TECHNIQUE 

Apart  from  the  specific  problems  which  will  be  detailed  later,  general  considerations'  have  been 
applied  in  the  instrumentation  definition: 

-  In  order  to  prevent  output  drift  due  to  ambient  temperature  influences,  the  .  straingauge  bridges 
have  been  bonded  as  complete  4  arm  bridges  and  whenever  possible  with  4  active  arms. 

In  the  cases  when  only  two  active  ams  have  been  possible  (end-load  parameters)  the  bridge 
completion  was  nade  with  the  2  inactive  arms  bonded  on  the  same  material  in  the  vicinity  of  the 
active  gauges.  ,  • 

-  Straingauge  bending  bridges  whenever  possible  have  been  prefered  to  shear  bridges  in  order  to 
obtain  increased  electrical  output  voltages  and  measuring  sensitivity. 

Straingauge  sheer  bridges  have  been  bonded  on  typicr.I  shear  sections  present  on  different 
components,  e.g.  main  spigot  bolt.  On  the  other  hand,  shear  parameters  have  also  been  fitted  as 
alternative  to  bending  parameters  with  respect  to  cross  influence  suppression  or  improvement 
of  signal  linearity. 

-  Cross  influence  on  a  straingauge  output,  if  evident,  has  been  compensated  by  computer 
processing.  Ele:trical  combinations  of  two  bridges  signals  under  reciprocal  cross  influence, 
have  not'  been  considered  in  the  basic  instrumentation  plannings.  This  technique  asks  for 
duplication  of  straingauge  parameters  and  for  linearity  of  the  signal  outputs^  In  addition  due 

'  to  limited  space  on  spigots,  hooks,,  lugs,  ERU  housings,  redundant  bondings  and  wirings  wouldn't 
have  been  possib  e. 

-  In  all  cases,  350  Ohm  foil  straingauges  producing  reasonable  bridge  outputs  have  been  fitted. 

5.2  DETAILS  ON  SPIGOTS  STRAINGAUGING 

Use  of  straingauge  technique  asks  for  loads  carrying  structui  ;J  which  rea.  t  limit  loads  at  optimum 
strain.  Such  a  preferable  feature,  however,  is  missing  in  an  adapter  main  spigot.  The  dimensions  in 
section  A-A,  Fig. 10,  ar<  in  excess  for  the  highest  X,  Y  and  Z-load  _ase  providing,  poor  strains,  since  the 
strength  of  the  highest  inflight  rolling  moment  has  to  be  covered.  Useful  straingauge  sensitivities, 


however,  have  been  obtained  to  measure  X  and  Y  forces  emaciating  the  spigot  material  in  section  A-A.  A 
reduction  of  rolling  moment  capability  as  consequence,  could  be  accepted,  since  the  flight  load  si.-  ey  is 
performed  in  a  limited  envelope.  , 

After  this  modification,  realized  on  all  main  spigots,  two  stramgauge  shear  bridges  have  been  bonded  for 
X  and  Y- force  measurements. 

The  straingauge  location  fo-  the  Z-force  parameters  (Fig. 11),  has  been  shifted  to  the  spigot  bolt.  By  a 
machined  segment  cut-off,  this  bolt  got  two  vertical  planes  on  which  two  straingauge  shear  bridges  have 
been  bonded  in  the  sections  between  spigot  and  adapter  bearing.  At  a  combined  Z-^'-oe  and  rollirg  moment 
application  the  Z-force  reaction  is  obtained  from  the  sum  of  the  two  calibrate  'put  signals,  the 
rolling  moment  rrom  the  difference.  All  main  spigot  bolts  have  been  straingauge  ; learning  to  this 
procedure. 

Fig.  12  shows  an  instrumented  shoulder  forward  auxiliary  spigot  which  is  designed  to  carry  i  and  Z-force. 
The  Y-force  parameter  has  been  straingauged  to  pick  up  the  compression  strain  from  a  side  force  -'-.en  the 
adapter  is  compressed  against  the  upper  spigot  fork,  i.e.  at  a  side  force  to  right  the  left  part  of  the 
fork  is  stressed  due  to  compression,  whilst  the  right  p'art  is  not  influenced.  An  eniload  parameter  has 
been  straingauged  on  the  spigot  rod,  to  measure  Z-force. 

In  analogy  the  auxiliary  spigot  aft  of  a  shoulder  adapter  has  reen  straing&uged.  The  straingauged  spigot 
components  are  presented  in  Table  1. 

■5.3  DETAILS  ON  ERU  STRAINGAUGING 

A  straingauge  shear  bridge  has  been  fitted  on  the  14"  and  30"  hooks,  as  shown  on  Fig.  13,  to 
determine  the  Z-force. 

The  HMERU  side  walls,  which  reacts  with  the  store  lug,  have  been  selected  to  b.-.d  a  straingauge  bending 
bridge  for  side  force  measurement,  while  the  side  force  parameter  of  a  L.XERU  has  been  obtained  by  means  of 
a  straingauge  shear  bridge  installed  on  the  stoi  e  lug  base.  Straingauge  bending  bridges  have  been  bonded 
on  springarms  ar.d  swavbrqces  to  measure  compression  forces  against  the  swivels.  (Fig.  14). 

A  summary  of  ERU’s  instrumentation  characteristic  is  provided  in  Table  2. 

6.  CALIBRATION  PROCEDURE 

6.1  GENERAL  APPROACH 

Application  cf  straingauge  technique,  to  measure  forces  on  load  carrying  structures  requires  a 
careful  calibration  of  the  parameter  voltage  outputs. 

The  approach  to  useful  spigots  ar.d  ERU’s  calibration  has  been  done  in  different  steps: 

-  Laboratory  checks  have  been  carried  out  to  optimize  ■ straingauge  locations  on  complex 
components (main  spigots,  hooka). 

-  D  le  to  the  direct  method  used  to  obtain  the  total  forces  and  moments  from  the  ERU  lead  paths, 

.  the  components  have  been  calibrated  off  A/C,  using  rigs  for  statically  determined  force 

applications  - 

In  analogy,  the  spigots  have  been  calibrated  off  *  *  ,  to  obtain  the  load  Outputs  directly.  After 
this  procedure  the  calibration  equations  have  been  put  into  the  computer  for  load  processing 
during  a  subsequent  on  A/C  calibration. 

Known  loads, off  A/C,  have  been  applied  up  to  limit  load  to  verify  the  calibration  slopes  with 
1  respect  to  nonlinearity  and  cross  influence. 

-  Following  the  off  A/C  calibration  of  structural  components  an1  on  A/C  calibration  has  been 
performed  applying  single  loads  and  actual  load  combinations.  Since  the  total  store  and  spigot 
loads  are  already  specified  by  the  calibration  equate  from  the  step  above,  the  significance  of 
this  "in  situ"  calibration  is  based  on  a  check  to  verify  the  applicability  of  these  defined 
equations  for  the  actual  system  now  statically  undetermined  end  to  demonstrate  fully  capable 
flight  test  instrumentation  and  consistency  of  the  total  load  outputs  obtained  by  computer 
processing.  The  validity  of  the  software  data  processing  is  consequently  the  reason  of  the  this 
last  calibration  step;  in  cases  of  deviations  between  measured  and  applied  loads,  corrections  of 
the  calibration  equations  can  be  retrospectively  made. 

Calibration  loads  have  been  applied  via  a  dummy  store  in  steps  of  -0%  up  to  60*  of  limit  load. 

6.2  DETAILS  ON  OFF  A/C  CALIBRATION  , 

The  straingauge  bending  bridges  of  the  springarms  and  swaybraces  have  been  calibrated  together  in 
ont  cycle  to  obtain  compression  force. 

A  typical  calibration  slope  of  the  springarm  and  swaybrace  output  'against  applied  load  as  well  as  the 
crutcharm  slope,  derived  from  the  springarm  and  swaybrace  slopes,  is  given  in  Fig.  15.  The  foreward  and 
rear,  hooks  have  been  simultaneously  calibrated  .applying  a  Z- load  via  the  dummy  store.  Since  the  crutcharms 
are  open,  the  dummy  store  is  statically  determined  Suspended  on  'the  two  hooks  at  known  Z-forces. 


Dr,  LMERU  and  HMEFU  Simula*  ir.g  tr.e  geometry  of  different  stores. 

5.3  DETAILS  OF  ON  A •' C  CALIBRATION 

As  already  sectioned  tne  on  A/C  cal icr ation  is  cor-sidered  an  imperative  requirement  to  complete 
satisfactorily  the  wncie  exercise. 

The  A'C  has  been  fixed  on  a  support  frame  by  means  of  the  nose  and  main  landing  gear  locked  hydraulically 
and  mechanically  at  their  maximum  extension  to  prevent  movements  of  the  A/C  under  loading  and  provide 
mix; mum  clearances  to  install  loading  devices  under  the  fuselage. 

Flight  standard  pylo »s  were  suspended  and  the  dumrry  store  fitted  in  several  stations  to  check  the 
following  loading  combination  cases:  . 

X-force,  to  check  the  main  spigot  response  along’  longitudinal  axis 
2- force 

2-force  and  pitching  moment  in  combi not ion 

Combined  Y-force  and  Roiling  moment,  with  and  without  yawing  moment  superimposed 
Combined  X  and  2  force. 

Combined  Y  and  Z-force. 

The  parameter  outputs  have  beer,  recorded  cn  airborne  magnetic  tape  using  the  signals  conditioning  as 
for  m-flight  teeming. 

First  the  signal  outputs  have  been  checked  with  respect  to  polarity,  linearity,  sensitivity,  and  cross 
signals  thus  to  verify  the  elaborated  component  forces. 

The  subsequent  check  has  deaied  with  the  .assessment  of  measured  store  total . loads  with  the  known  applied 
ones.  For  tne  symmetrical  loading  Cases  good  agreement  has  been  obtained  with  the  measured  store  total 
loads.  Only  small  cross  signals  to  the  lateral  outputs  have. been-  revealed  within  the  error  limits. 

Cc  .cernir.g  the  lateral  loading  cases,  the  , errors  of  the  measured  forces  in  comparison  with  the  applied 
force  combinations  could  be  assessed  a follows:  side  force  and  yawing  moment  revealed  errors  within  the 
tolerances,  rolling  moment  error  could  be  neglected,  vertical  force  and  pitching  moment  presented  errors, 
due  to  cross  influence,  nargmally  beyond  tolerances.  The  reason  for  these  errors  has  been  attributed  to 
the  friction  between  ‘he  store  and  ERU  interface.  The  reflection  of  this  effect  was  considered  acceptable 
because  it  was  assumed  for  the  flight  trials,  that  during  the  quasi  static  loads-manoeuvres  the  vibration 
environment  of  the  otorc-FRU  interface  would  provide  sufficient  dynamic  load  to  settle  major  preloads  from 
friction.  This  fact  was  proven  in  3  few  comparative  trials  where  potential  friction  was  avoided  fcy  special 
means,  e.g.  teflon  layer  between  the  swivels  and  the  store  surface. 

Major  investigations  have  been  dene  to  check  the  spigot  loads  at  adapters  suspended  on  the  fuselage.  Since 
each  ihoulder  adapter  is  statically  undetermined,  being  suspended  on  four  spigot  points,  and  therefore  the 
load  distribution  i’s  not  available  from  geometric  relations  against  the  single  applied  load,  only  the  sum 
of  spigot  reaction  loads  can  be  checked. 

With  this  criterion  the  measured  spigot  loads  distribution  has  been  verified.  Adequate  agreement  with 
theoretical  spigot  loads  distribution  has  been  found  at  higher  loading  levels.  At  lower  calibration  loads, 
friction,  *».g.  rubber  sealing  between  adapter  and  fuselage)  has  influenced  the  spigot  side  loads’and 
rolling  moments.  For  this  reason  a  removal  of  rubber  sealing  has  been  considered  but  rejected  to  avoid 
undesirable  aerodynamic  flow  around  the  adapter  during  the  flight,  load  survey.  Reasonable  corrections  have 
been  madv/  in  the  spigot  equations  of  the  software  at  low  load  oiatpu-s. 

7.  FLIGHT  TEST  PROGRAMME  CRITERIA 

The  flight,  test  programme  is  performed  for’ ^elected  -store  conf  igurat  ions. 

The  '-noice  has  been  made  to  cover  the  most  design  critical  stores  in  respect  to  aerodynamic  and  inertia 
harac  *er  1  st-  ics . 

Different  phases  of  the  flight  loads  trials  are  identified  ,m  Flight  Loads  Survey  with  subsequent  built  up 
and  Jemonst  rat  ion*  and  finally  Rapifi  Polling. 

The  F'.3  aim  13  the  gathering  of  the  information  necessary  '  to  assess  the  Incidence  -and  the  sideslip 
t«-«pen  ienoe  of*  the  aerodynamic  coef f icienTs  :n  the  widest  rang**  of  these  two  parameters  and  in  'the  most 
•upnifuant  region  of  the  flight  envelopes  with  the  inclusion'  of  the  control  of  Mach  influence  -  and 
Marn/al  1 1  t.ude  effects  on  aero  1  antic' behavi  our  of  the  structure. 

F  t  fhe«e  aspects  it  is  very  important  to  note  that  t pe  final  results  are  depending  on  the  f ’extht 1 i ty  of: 
wing,  pylon-wing  or  py  Ion-fusel  age  interfaces,  ERU  and  store.  For  th*  und*rwlng  pylons,  fh.i  control-line 
stiffness  has  to  he  'considered.  The  load  factor  range  js  well  inside  the  limits  in  order  to  allow,  flying 
without  necessity  of  clearance  wo.-k  between  the  flights. 


-  Asyw,etric  manoeuvres  as  steady  heading  sideslip  to  explore  the  sideslip  influence  on  the 
aerodynamic  coefficients. 

These  fianoeuvres  are  required  to  be  performed  as  slow  as  possible,  in  order  to  be  very  close  to  a 
quasi  steady  manoeuvre  and  to  allow  the  aerodynamic  field  clean  from  transient  phenomena. 

In  aadition  to  this  requirements,  other  characteristics  as  the  Mach  number  Constance*  the  minimum  values 
of  roll  rate  and/or  acceleration  together  with  the  minimum  bank  angle  during  the  steady  heading  sideslip, 
are  necessary  to  define  the  manoeuvre  as  acceptable  and  useful  for  ‘the  subsequent  matching  work.  The 
compliance  with  the  above  requirements  cannot  be  always  satisfied  considering  that  the  handling  qualities 
of  the  aircraft,  optimized  on  the  clean  configuration,  are  strongly  affected  fcy  the  presence  of  the 
external  stores.  The  increase  of  drag  produces  a  significant  decrease  of  the  flight:  speed  during  the 
manoeuvre  and  the  pilot  induced  engine  adjustement  to  balance  increased  drag  often  is  not  sufficient  to 
maintain  the  aircraft  into  the  very  small  Mach/speed  tolerance  required  for  the  whole  manoeuvre, 
especially  when  flying  at  the  boundary  of  the  operational  envelopes  with  heavy  stores. 

For  this  reason  different  testing  techniques,'  strictly  depending  on  the  stores  eon  figtirat  ions  have  been 
applied.. 

A  comparison  between  two  standard  Roller  Coaster  manoeuvres  performed  with  MACE  {light  configuration)  and 
MwCS  heavy  conf iguration)  is  shown  in  Fig.  16.  As  it  can  be  seen,  for  the  light  configuration  it  is 
easier  to  maintain  the  Mach  in  the  tolerance  range  during  the  manoeuvre,  while  the  heavy  configuration 
requires  a  steeper  load  factor  slope  in  the  pull-up  to  comply  with  the  same  requirement;  the  high  pitch 
acceleration  which  is  associated  in  this  phase,  being  present  for  a  reduced  time  and  beirg  negligeable  for 
the  store  inertia  calculation,  is  not  considered  significant. 

After  the  matching  work  performed  considering  the  F'LS  results,  built  up  and' demonstration  phases  can 
follow  and  then  the  Rapid  Rolling  program  takes  over. 

b.  FLIGHT' TEST  PROCEDURES 

Two  conditions  have  to  be  considered  in  the  use  of  straingauge  measuring  technique:  adequate 
sensitivity  and  electrical  output  balancing. 

The  first  condition  has  to  ensure  that  the  sensitivity  of  each  single  parameter  is  correct  and  no 
instrumentation  failure  occurs.  The  second  one  has  to  ensure,  that  the  bridge  outputs' under  unloaded  or 
definite  static  conditions  on  ground  are  well  known,  that  is,  either  Ttero  or  constant,  to  have  vorrectly 
operative  load  equations.  Although  any  effort  is  made  to  reach  and  maintain  the  last  condition,  it  is 
often  not  possible  to  avoid  signal  outputs  unbalancing  because  of  signal  conditioning .characteristics. 

Fo-  these  reasons,  a  ”pre- flight  datum  check"  is  used  to  correct  for  a  reference  value,  the  shifts  of  each 
stramgauge  bridge  response  as  in  analogy  is  done  to  wind  off  values  recorded  before  W/T  testing. 

The  loads  wasured  at  this  reference  time  are  compared  with  theoretically  known  loads  associated  to  the 
aircraft  configuration. 

The  defined  correction  terms  are  automatically  applied  to  the  measured  loads  at  all  flight  time  so  that, 
the  resultant/!  are  the  total  loads  in  absolute  quantities.  A  post-flight  datum  check'*  is  also  used  to 
compare  agait.  the  corrected  total  loads  with  the  known  ones  to  monitor  the  outputs  drafts  which  could  have 
occurred  during  the  flight. 

An  appreciable  contribution  to  speed  up  the  validity  check  of  the  measured  leads,  has  been  ensured  by  art 
ad-hoc  performed  manoeuvre  at  the  beginning  and  *t  the  end  of  each  flight  at  the  same  flight  conditions. 
Then.  thu  so.  called  standard  manoeuvre.  allows  the  evaluation  of  manoeuvre  loads  in  standard  flight 
conditions  for  which  accurate  predictions  could  be  also  provided  for  comparison.  kith  this  procedure,  an 
adequate  degree  of  confidence  can  be  reached  in  reliability  concerning  the  accuracy  of  the  load 
measure#-' nta  throughout  the  flyings;  on  tne  other  hand, possible  signal  responses  and  malfunctioning  of  the 
parametf  *s  can  be  discovered  in  time. 

9.  Tim  MONITORING 


.‘ata  transmission  via  telemetry  l*nk%as  also  mads  to  increase  the  aircraft  structural  safety  when 
approaching  potentially  dangerous  teat  conditions  and,  obviously,  to  allow  a  quick- look  data  analysis.  In 
addition,  real  t'me  monitoring  peraittsd  to  check  the  correct  execution  of  manoeuvres  and  the  functioning 
of.pecuMar  ipstrumentat ion  or  to  informs  the  pilot  for  a  manoeuvre  repetition  in  case  it  has  not  been 
sat jafactorl ly  performed. 

Therefore  the  monitoring  reduced  the  flight  time  required  to  complete  the  flight  progress*#  and  granted  a 
better  quality  of  F.T.  results. 

F-  r  flight  safety  reasons,  mainly  the  ERU  wedge  movements  in  parallsl  to  crutcharma  pretension,  have  been 
w^nitored  throughout  the  F.L.S. 

Fig.  17  shows  how  ths  pretension  was  influenced  by  vibrations-  induced  by  dynamic  longitudinal  pilot’s 
stick  manoeuvres  and  ths  improvement  reached  testing  a  new  Efl'*  standard. 


rate  'typically  8  s.p.s.),  to  get  an  acceptable  compromise  between  the  aircraft  data  acquisition 
capability  and  test  requirements. 

In- this  way,  more  than  hundred  signals  S.G.'s  outputs  were  recorded. 

Host  of  flignt  mechanic  parameters  have  been  recorded  at  a  higer  sampling  rate  (typically  16  or  32 
s.p.s.),  Put  a  reduction  to  3  s.p.s.  was  made  for  the  correlation  with  the  leads. 

The  requirements  for  dynamic  loads  investigations  have  been  covered  increasing  the  sampling  rate  for 
relevant  parameters  and  in  particular  recording  and  telemetering  signals  an  FW/vM  multiplexing. 

10.2  DATA  PROCESSING 

In  the  MACE  and  mainly  in  the  KWCS  flight  load  programme,  considerable  efforts  have  been  devoted  to 
develope  a  universal  software  for  proper  processing,  data  handling  and  load  analysis.  This  software,  used 
for  both  on  aircraft  calibration  check  and  flight  data  analysis,  has  been  a  leading  factor  for  the 
succesful  performance  of  the  exercise.  In  order  to  produce  loads  data  for  the  different  aircraft 
configurations  in  a  suitable  form  for  the  subsequent  analysis,  several  significant  factors  must  be 
considered: 

-  The  high  number  of  parameters  to  be  analytically  combined  together. 

-  The  strai.ngauge  outputs  with  different  characteristics  to  compute  the  loads  from  linear  terms  or 
terms  up  to  third  order  covering  the  nonlinearities. 

-  Ground  datum  correction  terms. 

-  The  flight  parameters  for  correlation  with  the  loads. 

-  The  computation  of  inertia  loads  for  the  subsequent  derivation  of  aerodynamic  loads. 

Now  what  to  do  to  reach  this  ambitious  target?  The  answer  has  been  the  harmonization  of  such  a 
relevant  number  of  data  in  a  series  of  computation  modules,  correlated  together,  in  which  homogeneous  data 
block,  are  processed. 

As  it  can  be  seen  from  the  data  processing  flow-chart  (Fig. 18),  the  input  parameters  are  extracted  from 
the  secondary  tape  on  the',  basis  of  engineering  requirements  (parameters,  run  time  inputs,  slices 
interested,  options,  etc.). 

When  appropriate  modules  have  been  selected  and  made  operative,  the  total  loads  are  calculated  using  the 
relevant  calibration  equations  and  the  "Data  Baae"  containing  geometric  store  data,  store  configurations, 
ground  datum  correction  terms,  etc.  In  this  way.  the  acting  loads,  are  computed  froa  instrumented  ERU's  or 
adapter  and  pylon  spigots  parameters  in  a  series .of  modules. 

The  computation  of  the  loads  at  the  H.N.ERU  reference  point,  is  presented  as  example  of  the  working 
process  of  a  single  module,  which  calculates  the  intermediate  forces  (Fig.  19  )  on  aprlngarms,  swaybraces, 
crutcharme,  hooks,  side  walls  and  yaw  spigot  giving  the  store  totel  loads. 

The  first  step  of  the  ERU  load  processing,  consists  of  the  crutchsrm  load  computation  which  Involves  some 
problem  due  to  the  series  connection  of  an  elastic  and  a  stiff  element.  According  to  the  crutchsrm 
feature,  the  springers  induces  preloads  to  oe-tre  the  store,  whilst  the  swaybrsce  arm  resets  the  higher 
ioads  due  to  the  store  rolling  moment  with  the  two  arms  in  contact. 

As  presented  in  Fig. 15  ,  the  response  of  the  swaybrsce  parameter  is  subject  to  a  cross  over  effect  when 

the  springarm  is  only  cqmpressed.  On  the  other  hand,  the  springers  gives  also  a  response  beyond  the  kink 
point  at  whi^h  the  gap  between  springers  and  awaybracesrm  is  closed.  The  algorithm  of  the  crutchsrm  load, 
considers  only  the  contribution  of  the  linear  springers  slope  up  to  the  kink  point;  at  the  loading 
conditions  with  both  arms  in  contact,  the  maximum  springers  load  la  kept  Constant  and  added  to  the 
awaybracesrm  load.  For  this  reason,  the  unbalance  of  the  swaybrsce  slope  has  been  eliminated  respectively 
shifted  to  zero  voltage  output  at  zero  loading  condition.  As  Tar  as  the  springers  Is  only  compressed,  the 
carry  over  effect  to  the  swaybrsce  parameter  output  is  irrelevant.  But  the  maximum  carry  over  output, 
indicated  at  the  kink  point.  must  be  eontlnously  subtracted  from  the  swaybrsce  output  to  measure  the 
resultant  force  of  the  two  arms  correctly.  The  sum  of  the  two  elements,  la  tW  crutchsrm  load. 

This  algorithm  is  given  by  proper  coefficients  taking  the  advantage  that  the  kink  point  can  be  easily 
adjusted,  if  the  'springers  setting  varies  from  one  flight  to  another. 

The  identification  of  the  conditions  In  which  the  cruteharm  gap  is  closed  and  consequently  the  kink  point 
of  the  springers  calibration  curve  is  reached,  is  a  decisive  factor  on  the  accuracy  of  the  final  loada 
computation. 

A  Mall  variation  of  thia  reference  point  in  respect  to  actual  opeiational  conditions  at  which  the 
calibration  equations  are  referred,  generates  an  error  on  the  cruteharm  loada  computation,  that  multiplied 
perhapa  f o'  4  crutcharme,  could  invalidate  the  measurements. 


calculation  of  the  store  rolling  moment.  The  module  flow  chart  (Fig.  20  )  shows  the  development  of  the 
described  activities. 

Other  software  development  was  required  to-  correctly  measure  the  spigot  total  loads-  As  already  pointed 
out,  the  spigots  have  been  predominantly  instrumented  to  asses  the  load  distributions  into  the  fuselage 
mam  structure  when  heavy  stores  are  carried.  A  software  module  was  prepared  for  store  loads  determination 
via  the  spigots,  whicn  withstand,  beside  the  store  loads,  the  adapter  loads  and  constraint  forces.  Being 
the  latter  produced  by  the  adapter  deflection  due  to  the  fuselage  bending,  a  correction  term  must  be 
introduced  to  obtain  the  store  loads.  Since  the  fuselage  bending  depends  rather  on  the  aircraft 
maneuvering  condition  more  than  on  the  carried  store,  the  spigots  loads  were  recorded  during  a  dedicated 
flight  with  only  the  fuselage  adapters  fitted.  The  interesting  spigots  constraint  forces  were  derived  and 
reduced  to  analytical  correction  terms,  following  this  way: 

-  analyze  the  spigot  loads  from  flight  measurements. with  adapters  fitted  only 

-  neglect  the  aerodynamic  load  contribution  of  the  adapters  in  the  vertical  plane 

-  subtract  the  inertial  spigot  load  contribution  due  to  the  adapter  weight  from  the  spigot  total 
loads 

-  define  correction  terms  for  ♦■he  constraint  forces  in  respect  to  the  main  variables  (load  factor, 
wing  sweep,  manoeuvring  devices  positions,  Mach  number  and  airspeed). 

10.3  INERTIA  LOADS  COMPUTATION 

The  verification  cf  aerodynamic  store  loads  trends  is  the  final  goal  of  flight  load  survey  and  this 
requires  the  separation  of  the  ihsrtia  loads  from  the  measured  total  loads.at  each  measuring  reference 
point. 

These  inertia  loads,  due  to  the  motion  of  the  aircraft,  have  been  computed  by  means  of  the  Euler 
equations  introducing  three  linear  accelerations,  three  angular  rates  and  three  angular  accelerations, 
measured  at’ aircraft  c.g,  package,  and  referred  to  the  c.g.  of  the  stores  and  then  transferred  to  the 
ERU's  and  spigots  points  (Fig.21).  Three  angular  accelerometers  have  been  used  for  the  angular 
accelerations  measurement  to  improve  the  .accuracy  of  inertia  calculation.  Fixed  data  as  store  mass, 
inertias  ai.d  coordinates  are  stored  in  the  file. 

This  simplified  method,  avoiding  the  need  of  a  full  set  of  sensors  at  the  centre  of  gravity  of  each 
relevant  store.  has  been  considered  acceptable  because  the  peculiar  characteristics  of  quasi  static 
performed  manoeuvres  allow  the  assumption  of  a  rigid  motion  of  the  stores  with  the  aircraft. 

The  technique  of  "Ground  Datum  Load"  correction,  has  been  also  applied  for  inertia  load  computation. 

10.4  DATA  PRESENTATION 

The  characteristics  of  the  speed  and  flexibility  of  the  software  gives  the  availability  of  a  full 
set  of' data  for  a  detailed  analysis  in  a  short 'time  after  flight,  improving  the  possibility  to  check  the 
validity  of  the  results  or  to  find  out  instrumentation  malfunctions  (Ftg.  22). 

Due  to  the  instrumentation  response  characteriat ics  and  to  the  complexity  of  the  data  processing,  the 
direct  comparison  of  first  flight  test  data  with  the  orediction  in  a  number  of  cases,  allowed  the 
clarification  of  some  phenomenon,  not  identified  or  not  well  simulated  during  the  calibration,  such  as 
kink  point  definition  for  refined  c  rut  charm  load  computation  and  the  need  to  improve  the  measurements, 
asking  for  additional  check  calibration.  With  this  approach  the  flight  load  measurements  have  been  updated 
for  a  better  agreement  with  predictions |  although  not  fully  applicable  predictions  were  discovered. 

An  example  of  software  adjustment  and  computation  improvement  is  shown  tn  Fig. 23.  The  final  flight  test 
data  are  presented  in  several  forms:  time  histories,  tabulations  and  mainly  cross  plots  of  measured  loads 
in  respect  to  significant  flight  variables,  for  an  immediate  use.  .  • 

Then  a  selection  of  tote’..*  inertial  and  aerodynamic  data  are  copied  on  magnetic  tape  and  transferred  to 
final  analysis  for  the  production  of  matched  aerodynamic  data  set. 

U.  MATCHING  .  ' 

11. 1  PROCEDURE 

As  results  of  the  above  mentioned  activities,-  a  great  number  of  ininrmation  is  available  for 
analysis:  as  already  reported,  the  measurements  are  presented  in  form  of  total, ’  inertia  and  aerodynamic 
loads',  and  as  first  step  of  the  data  reduction  process,  the  results  are  organized  in  order  to  have  all  the 
manoeuvres  with  compsrable  measurements  range,  packed  together  giving  an  immediate  view  oi  the  available 
data. 

After  that,  a  fine  selection  of.  the  data  is  performed  applying  tolerances  on  the  most  significant 
parameters  in  order  to  avoid  wide  scat  er  of  the  data  with  consequent  poor  homogeneity'  of  the  results: 


In  order  to  minimize  the  undesireo  effects,  the  applied  tolerances  {as  reference  only  for  a  general 
discussion  while  some  particular  case  ca.i  lay  outside }. are: 


-  Ro1 1  Rate  :  ♦  5  deg. 'sec. 

-  Mach  number  :  from  ♦  0.01  up  to  0.025  depending  on  the  specific  case. 

-  Incidence  angle  :  during  steady  heading  sideslips,  the  maximum  variation  allowed  of  incidence 

is  +  1.5  degs 

-  Sideslip  angle  :  during  nominally  symmetric  manoeuvres,  the  maximum  values  of  ft  allowed 

is  ♦  0.3  degs. 


The  aerodynamic  forces  and  moment?  are  then  adimersionaiyzei'  *'•*•*'  coefficient  form  and  plotted 
against  incidence  and  sideslip;  using  these  plots,  the  comparison  wi.t.i  'wind  Tunnel  data,  reduced  and 
presented  for  fhe  same  parameters  range,  is  p*-r formed. 

The  incidence  and  sideslip  effects  are  verified  in  terms  of  slope  and  intercept  variation  in  the  available 
range  of  informations. 

In  this  way,  the  proper  correct! /e  values  for  slope  and  intercept  are  established  and  the  relevant  changes 
to  basic  data  car  be  applied;  extrapolations  to  maximum  values  are  performed. 

This  last  part  of  the  process  is  conducted  ir.  a  semi-automatic  way  in  order  to  control,  when  engineering 
judgements  is  required,  the  computer  extrapolation  avoiding  the  presentation  of  unacceptable  results. 

On  the  bases  of  the  achieved  experience,  mainly  during  the  MACE  activities,  it  appears  very  important  for 
the  matching,  the  consideration  of  the  possible  effects  induced  cn  results  by  the  accuracy  of  the 
measurements;'  in  the  presentation  of  the  results,  the  influence  of  these  effect  will  be  pointed  out  and 
commented . 

r*gs.  24.1  to  24.20  are  showing  the  correlation  between  the  .wind  tunnel  and  in  flight  measured 
aerodynamic  coefficients  for  a  selected  typical  underwing  (Chaff  Dispenser)  and  underfuselage  (Sub  Tank) 
mounted  store. 

Going  more  into  detail  the  Flight  Test  data  reduction  was  performed,  applying  the  tolerances  mentioned 
before,  by  means  of  a  ) inear  and  non  linear  regression  method  introducing  a  statistical  precision  interval 
of  1  5*( including  2/3  of  the  measured  points)  centered  on  the  mean  value  of  the  coefficients. 

It  must  be  pointed  out  that  the  results  prerented,  are  only  the  first  evaluations  without  any  data 
precision  consideration  (W/T,  FT)  in  order  to  get  an  overview  about  tie  available  informations,  to  sort 
out  malfunctions,  and  to  reveal  correlation  problems. 

Thi’N  for  example  the  scatter  of  the  actual  flight  data,  is  a  first  indication  of  the  accuracy  of  the 
mear  ;rements.  Of  course  there  is  no  precise  accuracy  measure  because  of  the  impossibility  to  establish 
‘•'true  values’*  (relative  validity).  That  means  dll  aerodynamic  coefficients  from  any  source  are  by  nature 
only  estimates. 

Now  some  preliminary  indications  could  be  done  about  the.  flight  testing  results.  Referring  to  Fig.  24.1- 
24.20  noticeable  agreement  has  been  found  for  moments  with  some  uncertainty  in  the  very  sensivite  yawing 
moment. 

Generally  a  drift  occurs  on  force  measurements  especially  for  the  side  force,  which  can  be  recalculated 
from  the  excellent  Rolling  moment. 

The  3lope  of  the  side  force  agf inst  the  variables  <*  and  ft  instead  correlates  with  the  W/T  measurements. 
Major  deviations  have  been  observed  between  in  fiight  and  WT  measured  ve-tlcal  force  coefficients 
particular  for  the  under  fuselage  mounted  tank. 

The  vertical  loading  of  the  tank  at  this  station  is' small  and  within  the  iiolerance  band  explaining  the 
wide  scatter  of  the  tes.v  results. 

This  aerodynamic  force  is  of  minor  importance,  because  the  vertica*  design  load  is  dominated  by  the 
inertia. 


11.2  ACCURACY  OF  MEASUREMENTS 

For  the  *ii»ai  data  reduction  of  the  FLS  results,  engineering  judgment,  the  oldest  measure,  for 
estimating  leliabillty,  must  be  applied  to  weigh  ail  available  information  about  the  accuracy  of  the 
inflight  and  W/T  measured  aerodynamic  coefficients.  Considerations  about’  the  applicable  tolerances  will  be 
given  in  th*  foliow*ng:  • 

-  Differences  between  the  maximum  aoplied  calibration  loads  (50-60%  limir.  load  see  para  7.)  and  the 
measured  outputs  have  been  amounted  to  less  than  5%  but  depending  on  "he  complexity  of,  the 
algorithm,  the  number  of  parameters  needed,  and  on  appropriate  application  of  correction  terms 
and  procedures  during  data  processing.  The  at  tun 1  tolerances  are  higher  due  to  the  kpeciftc 
steady  ' manoeuvres  producing  a  store  load  level  of  about  2 C*  of  the  design  based  on  R.R, 
manoeuvres. 


WvW. 


-  The  influence  of  aeroelastic  effects  on  the  inflight  coefficients  will  be  checked  by  evaluating 
the  test  results  as  a  function  of  altitude. 

Pifferent  store  positioning  due  to  asymmetric  wedge  engagement  should  be  separated. 

-  Additional  attention  must  be  paid  to  the  tolerances  for  the  fundamental  aircraft  instrumentation 
systems. 

-  The  maximum  allowed  tolerances  of  the  nominal  flight  loads  survey  conditions  as  already  given, 
must  be  applied  for  the  data  reduction. 

-  All  relevant  corrections  concerning  flow  conditions,  Reynold  affects,  balance  output  tolerances 
have  to  be  introduced  into  the  W/T  measured  aerodynamic  store  coefficients. 

All  these  available  relevant  information  about  these  tolerances  will  be  taken  into  account  to 
calculate  data  precision  bands  for  the  inflight  and  W/T  measured  coefficients  ensuring  a  correct  matching. 
The  final  results,  a  modified  aerodynamic  store  set,  used  together  with  responses  newly  calculated  with 
flight  matched  aircraft  aerodynamics  (from  handling  and  rapid  rolling  step  by  step  testing},  allows  the 
redefinition  of  the  maximum  load  levels  checking  and  providing  the  structural  capability  of  the  aircraft 
when  carrying  external  stores  for  the  entire  operational  envelopes  (Fig.  25). 

12.  CONCLUDING  REMARKS 

Even  if  the  MVCS-flight  test  programme  is  not  yet  completed,  the  experience  gained  during  the  first 
evaluation  of  the  results,  confirms  the  reliability  of  that  philosophy  choosen.  The  main  advantages  are: 

-  The  possibility  to  check  the  static  and  dynamic  behavior  of  the  standard  ERU’s  under  actual 
conditions. 

-  To  set  important  contributions  for  the  ERU's  development  (mainly  wedge  design  improvement). 

-  To  revesl  unexpected  load  distrioutions  concerning  the  underfuselage  pylon  spigots. 

-  To  produce  final  clearances  for  the  aircraft  with  stores  based  on  reliable  flight  matched 
aerodynamic  coefficients  data  act,  as  proven  by  the  first  analyzed  results. 

-  To  improve  the  cross  reading  possibility  for  the  clearance  of  similar  store  configurations. 

-  To  have  available  an  important  tool  for  any  future  clearance  work  on  the  adaption  of  new  stores. 
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EN  TEMPS  REEL 
Bertrand  SCHERRER 

Chef  du  Service  Methodes  et  Move, ns  d'Essais 
Centre  ••''Essais  en  V  ol  -  Base  d'Essais  d'Istres 
13128  ISTRES-AIR  -  FRANCE 


RESUME 

La  Base  d'Istres,  dg  Centre  d’Essais  en  Vol  est  principalement  responsable  de  1'exe.cution  des  essais 
de  performances,  de  structure  et  de  propulsion.  Situee  dans  le  sud  de  la  France,  au  centre  d'une  region' 
plate,  cette  Base  Aerienne  beneficie  d'un  climat  tr&s  favorable.  Si  i'on  ajoute  &  cela  la  possibility 
d'une  trbs  grande  longueur  d'envol  et  d'atterrissage,'  dtendue  jusqu'S  6  kilomfetres  par  les  prolungements 
de  la  piste,  ceci  explique  1 ’affectation  de  la  Base  d'Essais  aux  essais  les  plus  dangereux  comme  ceux  de 
vrille,  d'extension  du  domaine  de  vol,  les  essais  d'extinction  et  rallumages  moteur,  de  flottement,  etc.. 
(Jn  effort  special  a  ete  consacry,  b  Istres,  b  la  mise  en  place  de  moyens  et  dispositifs  destines  b  amd- 
liorer  l'efficacity  et  la  security  de  Lels  essais,  en  particulier  ceux  ne  pouvant  ytre  rypytys  sans  ac- 
croitre  ies  risques  potentiels.  La  description .porte  sur  1 ' infrast ructure  Mosul es  utilisye,  incluant  la 
tAiymesure,  la  trajectcgraphie,  le  centre  de  calcul,  la  prysentation  des  informations  qui  permettent  de 
diriger  et  de  surveiller  plusieurs  essais  en  cours  a'exycution,  simuitanyment.  Cette  prysentation  donne 
ces  exemples  d'utilisation  de  ces  moyens. 

1  -  GENERA!  ITES 

Prysenter  quelques  uns  des  moyens  d'essais  du  Centre  d'Essais  en  Vol  rend  opportun  le  rappel  suc¬ 
cinct  des  missions  de  cet  Etab] issement  et  la  description  sommaire  de  son  organisation.  Cette  prysentation 
permettra  lotamment  d'expliquer  le  partage  d'activity  entre  les  trois  Bases  d'Cssais  principales. 

1.1  -  Les  missions  du  Centre  d'Essais  en  Vol 

Des  textes  qui  les  definissent  il  ne  sera  retenu  que  ce  qui  peut  Stre  utile  b  l'exposy,  b  savoir 
quo  le  Centre  d'Escsis  en  Vol  (C.E.V.)  est  1 'Expert  Essais  en  vol  des  Services  Ufficiels. 

Ce  rdle  signifie  plus  prycisyment  :  , 

-  que  le  C.E.V.  intervient  dans  l'yvaluation  de  tons  les  matyriels  aeronaut iques  rysultant  de  programmes 
ayronaut lques  pilotys  par  l'Etat.  L  '  importance  relative  des  programmes  destines  b  couvnr  des  besoms 
des  Armdes  explique  que  le  C.E.V.  soit  un  Etablissement  rattachy  b  une  Direction  Technique  dependant, 

.  sous  l'autority  d'une  Delegation  cenerale  A  l'Armement,  du  Ministers  de  la  Defense. 

-  que  1 'existence,  au  sein  de  1 'Administration,  d'un  Etablissement  qui  dispose  des  moyens  en  personnels 
,  e*  matenels  ayant  la  capacity  d'assurer  l'yvaluation  en  vol  de  materiels  aeronautiques,  donne  au 

C.E.V.  la  possibility  et  la  mission  de  participer  au  processus  de  certification  des  materiels  aeriens 
civile. 

Ces  deux  aspects  de  la  mission  d'Expcrt  Essais  en  vol  des  Services  Officiels  peuvent  etre  resumes 
en  disant  que  le  C.E.V.  est  appeie  b  conr.alt.re  tous  les  materiels  .aeronautiques  qui  impliquent  une  res- 
ponsabiiite  de  l'Etat  agissant,  soit  b  titre  de  promoteur  et/ou  acquereur,  soit  en  tant  que  puissance 
publique  responsable  de  la  security  des  citoyens. 

Le  terme  de- "materiels  aeronautiques"  a  ete  volontairement  utilise  pour  indiquer  qu'il  ne  s'agit 
pas  gmouement  d'evaluation  d'aeronefs  complets  mdis  que  les  propulseurs,  les  dquipements  aeronautiques 
et  les  armemer.ts  , aeroport.es  peuvent  faire  l'objet  d'essais  en  vol  et  qu'ils  peuvent  impliquer,  dans  ce 
cas,  1 'ut l 1 isatidn  d'aeronefs  dej£  experimentes  adaptes  5  des  fonctions  de  bancs  d'essais. 

A  cette  mission  de  base,  il  convient  de  citer,  parmi  les  autres  responsabilites  du  Centre  d'Essais 
en  Vol  : 

-  la  mise  en  oeuvre  de  moyens  d' infrastructure  d'essais  en  vol  au  profit  de  tiers  et,  en  particulier  des 

Services  Essais  en  vol  des  Constructeurs  fContrftle  de  la  circulation  aerienne  d'essai3  et  de  reception, 
trajectographie,  reception  teiemesure . ). 

-  la  formation  des  personnels  specialistes  de3  essais  taut  pour  ses  propres  besoins  que  pour  ceux  de 
1' Industrie  el  des  organismes  civils  et  militaires,  franqais  et  etronqers. 

Ce  large  domaine  d'activite  qui  requiert,  selon  la  nature  des  essai3  et  deu  materiels  essayes,  un 
env i ronnement  specifique,  a  conduit  le  C.E.V.  i>  repartir  ses  essais  entre  3  Bases  d'Essais  principales 
(Bretiqny,  dans  la  region,  parisienne,  Ca^aux  sur  le  littoral  atlnntique  et  Istres  b  proximity  -1u  litto¬ 
ral  medlterranyen) . 

1.2  -  les  missions  de  la  Base  d'Fssais  d'Istres 

Au  titre  de  la  mission  principals  du  Centre  d'Essais  en  Vol,  la  Base  d'essais  d'Istres  est  chargee 


-  des  essais  de  performances,  de  quality  de  vol  et,  occasionnellement,  d'essais  de  structure  des  avions. (1) 

-  des  essais  de  propulseurs  d'aeronefs. 

-  des  essais  de  simulation  a  l'aide  de  banc  volant  ou  de  moyens  sol. 

Au  titre  des  autres  missions  ^voqudes  au  §  precedent,  la  8ase  d’Essais  en  Vol  d'Istres  fournit  aux 
essais  en  vol  des  Constructeurs  un  certain  nomtre  de  prestations  :  contrflle  circulation  a^rrenne,  trajec- 
toqraphie,  reception  telemesure  dont  la  part  la  plus  importante  est  fournie  aux  services  instalies  sur 
la  Base  :  Avions  Marcel  Dassault  -  Brdguet  Aviation  (AMD-BA)  et  Societe  Nationale  d’Etudes  et  de  Construc¬ 
tion  de  Moteurs  d'Aviation  (SNECMA). 

Elle  a  dgalement,  depuis  1962,  la  responsabi J ite  de  la  formation  des  Mavigants  d'Essais  assume  au 
sein  de  l'Ecole  au  Personnel  Naviqant  d'E3sais  et  de  Recent  ion. 

Les  raisons  qui  ont  conduit  l'Administration  b  investir  la  plate-forme  d’Istres  ont  ete,  b  1'origi- 
ne,  airectement  li6es  aux  programmes  a^ronautiques  de  l'imm6diat  aprfes-guerre  qui  a  vu,  avec  la  relance 
de  1* aeronaut ique  frangaise,  la  naissance  d’un  nombre  trbs  important  de  prototypes.  L 'exploration  de  larges 
domames  de  vol  impliquant  l'incursion  dans  le  domaine  supersonique  avec  des  moteurs  de  fiabilite  relative 
et  de  performances  modestes,  rendait  particuliferement  attractif  un  site  d'essais  disposant  d'une  longue 
piste  aux  approches  degsoees  coiffee  d'un  ciel  bleu  permettant  le  retour  e  vue  d'un  adronef  ayant  un 
incident  de  propulsion. 

Ces  facility  aeronautiques  n'ont  pas  perdu  de  leur  interSt  mais  elles  ne  sont  plus  exclusives  et 
les-essais  d'avions  et  de  moteurs  exigent,  du  fait  de  Involution  des  techniques  et  de3  adronefr,  que  le 
site  d'essais  dispose  d'une  infrastructure  en  moyens  d'essais  au  sol  dont  les  composants  peuvent  Stre 
classes  en  quetre  categories  : 

-  moyem  d'equipement  d' aerodrome, 

-  moyens  tie  contrflle  de  la  circulation  aerienne,  • 

-  moyens  de  simulation, 

-  tnoyen3  de  mesure  au  sol. 

I  -  L ' INFRASTRUCTURE  EN  MOYENS  DE  MESURE  DE  LA  BASE  D'ESSAIS  D'ISTRES 
J,1  -  Orqariisation  qenerale 


INFRASTRUCTURE  MOYENS  OE  MFSURE 


Cl)  -  La  Base  d'Essais  d'Istres  participe  egalement  aux  essais  d' integration  des  systemes  sur  Avions 
d'Armes  et  aux  essais  devaluation  globale  des  Avions  d'Armes  (prototypes  et  avions  de  develop- 
pement ) . 


les  oeux:  conceptions  suivantes  : 

-  l'une  vise  4  minimiser  la  dfepend ance  de  l'aferonef  en  essai,  pendant  les  vols,  vis  &  vis  d'une  infras¬ 
tructure.  L ' installation  d'essais  embarqufee  a  done,  non  seu^ement  la  capacity  d'acquferir  les  pferamfetres 
requis  pour  1 'execution  du  programme  d'essais,  mais  aussi  de  les  enregistrer  A  bord  et  de  visual iser 
directement  ou  aprfes  trartement  informatique,  ceux  qui  sont  nfecessaires  A  1' Equipage  pour  la  conduite 
de  1' essai. 

-  l'autre',  qui  s'apparente  beaucoup  plus  aux  mfethodes  imposfees  par  les  essais  d'engins,  tend  au  contraire 
A  faire  largement  appel  4  des  moyens  de  mesure  sol  dont  1' activation  est  indispensable  &  1 'execution 
des  vols  d'essais. 

La  nature  des  activity  essais  de  la  Base  d'Istres,  fortement  marquee  par  les  essais  d'Avions 
d'Armes  et  la  convergence  des  choix  du  C.E.V.  et  des  Constructeurs  pour  donner  une  large  place  £  la  con¬ 
duite  d'Essais  temps  rfeel,  ont  rendu  nfecessaire  1 ' implantation  d'une  infrastructure  en  moyens  de  Hesure- 
dont  1 'organisation  gfenferale  est  donnfee  sur  la  figure  1. 

On  notera  que  lec  informations  issues  des  moyens  de  trajectographia  et  des  capteurs  de  paramfetres 
mfetfeorologiques  caractfensant  1 'environnement  de  la  piste,  sont  regroupfees  et  traitfees  au  niveau  d’un 
Poste  Central  (P.C.)  qui  dispose  de  sorties  Temps  Rfeel  et  qui  permet  la  surveillance  de 'trajectoires 
et/ou  le  guidage.  Ces  informations  peuvent,  fen  tant  que  de  besoin,  fetre  transmises  au  P.C.  de  conduite 
d'Essais  "CICALE"  ou  au  Centre  de  Traitement  Temps  Rfeel  des  Avions  Marcel  Dassault  -  Brfeguet  Aviation. 

Cette  architecture  donne  une  bonne  souplesse  A  1 'execution  des  vols  puisque  les  centres  Temps' 

Rfeel  peuvent  travailler  au  profit  d'avions  diffferents  ou,  au  contraire,  fetre  interconnectfes  de  tell 
manifere  que  les  P.C.  de  conduite  d'Essais  regoiyent  les  informations  trajectugraphiques  des  avions  qui 
les  intferessent. 

2,2  -  Les  moyens  de  tra jectoqraphie  et  leur  P.C. 

On  constate,  sur  la  figure  2,  que  le  svstfeme  de  trajectographie  (installs  en  1974)  comporte  deux 
types  de  moyens  : 

-  des  cinfethfeodolites, 

-  des  radars. 

.  Les  premiers  sont  destinfes  A  couvrir  les  trajectoires  associfees  aux  phases  de  dfecollage,  atterris- 
sage  ou  approche. 

Les  radars  (un  en  installation  fixe,  l'autre  en  installation  mobile)  prolongent  jusqu'A  l'horizon 
optique,  l'fetendue  de  mesure  du  systfeme. 


Figure  2 


wxut.k«cu>iiuibn  a  aui tie  numei xque  vcoaage  aes  angles  a  iv  Oitsi  utiiisent  une  partie  des  res- 
sources  d'un  calculateur  associd  au  systdme.  Cette  capacity,  qui  permet  de  sortir  en  temps  rdel  des  rdsul- 
tats  bruts,  sans  correction  des  dcarts  de  poursuite,  donne  avec  des  opdrateurs  ertralnds,  une  quality  de 
poursuite  et  done  une  precision  de  rdsultats  qui  est  jugde  suffisante  pour  60  %  des  trajectoires  traitdes. 
Four  les  autres  cas,  un  traitement  diffdrd  rddlisd  h  partir  de  1 'exploitation  des  films,  permet  d'intro- 
duire  1 'dcartomdtrie  et  de  tirer  toute  la  precision  dont  sont  capables  les  cindthdodolites.  On  notera 
qu'&  l'un  des  trois  cindthdodolites,  est  associde  une  camera  longue  focale  (f  =  1200  mm)  essentiellement 
destinde  au  suivi  des  essa'is  de  vrilles.  Le  choix  de  cette  solution  a  dtd  motivd  par  les  possibilitds 
d' interddsignation  d'objectifs  que  permet  le  systfeme.  En  cas  d'essais  de  vrilles,  un  radar  et  le  cind- 
thdodolite  avec  camera  longue  focale  sont  activds  :  le  pointage  de  la  plate-forme  cindthdodolite  por- 
teuse  de  la  camdra  vrille  est  lealisd  &  l'aide  du  radar  et  l'opdrateur  du  cindthdodolite  n'en  reprend 
le  pilotage  manuel  qu'au  lancement  de  la  vrille,  solution  qui  garantit  1 'acquisition  de  l'avion. 

-  Le  radar  fixe  est  un  radar  8EARN  A  exploration  conique  travaillant  en  bande  C  avec  adrien  de  0  4  m. 

-  Le  radar  mobile  est  un  radar  ADO UR  (mdme  bsnde  de  frdquence). 

On  observers  que  1 'organisation  du  systdme  rend  possible  le  suivi  de  deux  essais  ou  deux  avions 
Jiffdrents  avec  1  ou  2  ou  3  cindthdodolites  et  1  radar,  ou  de  faire  participer  &  la  poursuite  d’un  rodme 
idronef  ces  mdmes  moyens.  II  est  dgalement  possible  d'utiliser  simultandment  les  deux  radars. 

Le  P.C.  est  dquipd  de  moyens  de  visualisation  qui  permettent  le  suivi,  le  contrdle  et  le  guidage 
:ur  trajectroires  prdddtermindes  &  partir  de  deux  tables  tragantes  qui  seront,  &  moyen  terme,  remplacdes 
>ar  des  consoles  cathodiques  polychromes. 

Les  rdsultats  de  trajectographie  cindthdodolites  ou  radar  sont  dgalement  assemblds  en  un'  message 
■.drie  qui  regroupe  les  informations  brutes  donndes  par  les  moyens  de  trajectographie  et  les  coordcmndps 
ralculdes  au  niveau  du  P.C.  de  trajectographie.  Le  message  est  achemind  vers  le  P.C.  de  conduite  d’Essais 
)IGAL£  et/ou  vers  le  .Centre  de  Traitement  Temps  Rdel  des  essais  en  vol  AMD-BA  (Avions  Marcel  Dassault- 
trdguet  Aviation).  > 

*,3  -  Le  P.C.  de  conduite  d'Essais  "CIGALE" 

1,3,1  -  Gdndrali£d£ 

Quelques  rappels  historiques  permettront  de  situer  la  gdndse  de  ce  Centre. 

Le  Centre  d'Essais  s'est  intdressd,  de  longue  date,  A  1 'utilisation  de  la  tdldmesure  puisqu’en 
957 ;  aprd3  une  dvaluation  des  diffdrents  matdriels  frangais,  il  fixait  son  choix,  pour  les  essais  d’ad- 
onefs,  sur  un  dquipement  ddveloppd  par  l'O.N.E.R.A.  (1)  et  fabriqud  sous  licence  par  la  S.F.I.M.  (2). 
•vant  d'adopter  l'emploi  d'un  matdriel  valable  aussi  bien  pour  les  engins  que  pour  les  adronefs  et  fondd 
ur  le  stadard  IRIG.  L 'experience  amorede  occasionnellement  sur  certains  prototypes  d'avions  d'armes  des 
nnde3  60  s'est  rapidement  systdmatisde. 

Par  ailleurs,  la  pdndtration  sur  le  marchd  de  1 ' informatique  de  calculateurs  de  conduite  de  proces- 
us  a  permis  d'dtendre  le  champ  d'utilisation  et  d'aborder  la  conduite  d’essais  avec  traitement  temps 
del . 

L 'expdrience  acqurse  dans  la  premidre  ddeennie  d'utilisation  de  la  tdldmesure  avait  mis  en  dvidence 
r.  gair  pour  la  sdcuritd  dans  les  essai3  d'adronefs  (tout  particuliferement  pour  le3  adronefs  &  dquipage 
cstrei.it  -  mono  ou  biplace).  L '  introduction  du  Traitement  Temps  Rdel  a  confirmd  et  amplifid  cet  acquis 
t  a  permis,  en  outre,  de  ddmontrer  sc  >  intdrdt  pour  la  validation  des  phases  d'essais. 

dcuritd 

La  participation  au  ddroulement  de  1'essai  de  personnels  au  sol  disposant  d* informations  provenant 
e  1! avion,  e3t  particulidrement  bdndfique  dans  trois  cas  : 

surveillance  de  paramdtre3  en  dvoiution  qui  sortent  du  champ  d'observation  ou  de  sensation  de  l'dqui- 
page  ou  dont  la  surveillance  est  rendue  difficile  en  raison  d' une  charge  de  travail  passagferement 
d.'evde.' 

surveillance  de  paramdtres  et  contrflle  de  manoeuvres  effectudes  dans  des  essais  ou  des  phases  de  vol 
particulidrement  perturbdes  et  dprouvantes  pour  le  pilote  (vrilles,  limites  de  manoeuvres,  essais  temps 
chaud....). 

assistance  en  cas  d'incident  ou'  d'accident,  assistance  pouvant  aller  jusqu’&  l'ordre  d'dvacuation.  . 
galitd  des  ebsais  et  de3  rdsultats 

le  contrdle  Temps  Rdel  des  paramdtres  significatifs  permet  de  vdrifier  la  qualitd  de  l'exdcution 
;  1'essai  et  de  s'assurer  que  les  conditions  ndeessaires  d  l'obtention  des  rdsultats  sent  respeetdes. 
is  enregistrements  effectuds  au  sol,  qui  seryiront  de  bases  de  donndes  pour  Sexploitation  diffdrde 
;s  essai3f  sont  done  validds. 

Sur  une'  dchelle  de  temps  plus  longue,  le  Temps  Rdel  supprime  certains  dcueils  du  ddpouiilement  diffdrd. 
La  proeddure  de  rccueil  de  donndes  &  partir  d'enregistrements  d  bord  a  conduit  frdquemment,  dans  les 

l)  Office  National  d'Etudes  et  de  Recherches  Adrospatiales. 

!)  Socidtd  de  Fabrication  d' Instruments  de  Mesure. 


Centres  d'Essais,  a  l'execution  de  vols  produisant  une  masse  d 1  informations  enregistrdes  sur  '_.ne  periode 
donnee  trfes  nettement  supdrieure  &  la  eapacite  d'exploitation  des  movens  de  traitement  sur  une  periode 
de  meme  duree.  Cette  situation,  qui  occasionnait  des  reports  d'exploitation,  pouvait  en  outre  se  solder 
par  le  constat  que  le  fonctionnement  de  certaines  chaines  de  mesure  essentielies  ne  correspondait  pas 
&  ee  qui  etait  attendu  et  que  les  modifications  apportdes  depuis  a  1 ' instaliat. on  de  mesure  ou  a  l'aero- 
nef  ne  permettaient  plus  d  retrouver  un  et3t  susceptible  d’apporter  la  verification  ndcessaire.  L'e:;- 
ploitation  en  temps  reel  presente  done  l'interet  de  rdaliser  censtamment  l'equilibre  entre  l'execution 
des  vols  et  la  eapacite  de  ddpouillement . . 

La  conception  de  CICALE  a  done  ete  fondee  sur  le  traitement  Temps  Reel.  Elle  a  intdgre,  en  outre, 
uelques  caractdristiques  complementaires. 

La  notion  de  P.C.  de  conduite  d'essai.  Elle  constitue  une  extension' du  concept  de  station  de  reception 
de  teldmesure  qui  rend  1 ' installation  permeable  S  la  prise  en  compte  de  donnees  provenant  d'autres 
moyens  d'essais. 

La  flexibility  d'emploi  imposde  par  la  diversity  des  activites  de  la  Base  d'Essais  d’Istres.  Cette 
flexibility  devant  permettre  les  mises  en  oeuvre  successives  rapides  a«j  profit  de  besoins  essentiel.- 
lement  variables  quant  a  la  nature  et  au  volume  des  messages  de  donndes  &  traiter  et  quant  &  la  spe¬ 
cificity  des  informations  4  donner  aux  conducteurs  d'essais. 

Cette  caractyristique  a  conduit  £  plusieurs  options  conditionnant  1' architecture  technique  de  la 
tation. 


Introduction,  dans  le  systdme,  d'un  '‘reoartiteur  proqrammable"  dont  la  fonction  essentielle  est  de 
rdaliser  rapidement  1 'affectation  des  moyens  de  conditionnement  du  signal  et  ieur  adaptation. 

.Utilisation  de  consoles  cathodiques  polychromes  pour  la  visualisation  des  informations  spycifiques. 
,3,2  -  Realisation  dans_s<i  ve£s_ion  originate. 

La  figure  3  met  en  evidence  1 'organisation  generale  du  P.C.  dans  laquelle  on  distinguera  3  parties 
istinctes  qui  groupent,  respective m ent  : 


la  salle  de  conditionnement  des  siqnaux 
de  mesure. 

la  salle  des  moyens  informatiques. 

■B,  -  L 'alveole  centrale  regroupe  les  moyens 
utilises  pour  Sexploitation  differee 
qui,  comme  tels,  ne  participent  pas 
aux  processus  de  conduite  d'essais 
en  tenos  reel. 

les  sall'es  de  conduite  d'essais  dont  2 
seulement  doivent  etre  prises  en  consi¬ 
deration  (la  S.E.  3  est  une  salle  dont 
le  niveau  d'yquipement  en  fait  une 
station  simpie,  sans  informatique, 
utilisable,  soit  en  secours  de  S.E.  1 
ou  2,  soit  pour  des  essais  'simples! 


CIGALE  -  IMPLANTATION  DES  MATER I ELS 
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'  On  a  dit 
loi  etait  un 
,C.  devait  sat] 
nportant  de  r 
j  minimiser  It 
jls  d'aeronefs 

voi  de  vrilles  d'uri  avion  ldger  suivi  d'un  vol  d'essai  d'avion  d'armes 


que  la  flexibility  d'pm- 
|es  objectifs  auxquels  le 
isfaire.  II  etait  done 
ejndre  l'equipement  capable 

s  temps  morts  de  changements  de  configuration  lorsque  l’activite  impose  d'enchainer  des 
dont  les  types  d' installation  de  mesure  et  la  nature  de  l'essai  sont  trfes  differents. 


xibilite  est  assuree  par  1 'association  : 


qui  permettent  de  traiter  des  messages  de  nature  heterogfene  allant  du  message  de  teieme- 

tnt  analogique  avec  un  maximum  de  18  voies,  au  message  entiferenent  numerique  en  passant 
urajtions  hybrides  comprenant  un  message  numdrique  et  des  voies  arialogiques  continues  ou 


et  d'un  repant iteur  programmable  dont  les  fonctions  vont  Stre  succinctement  ddcrites. 


Cet  dquipement  assure  la  connexion  entre  : 


1S5  figments, qui  constituent  leg  snnrces  d' information 


'  S£*Sr«S!?EK  2  vgtofX",”?*  ■-*-«  <«*- 

bande  de  frequence  UHF).  ^  u*  *;l'an3m’S3ion  £tait  possible  sur  la 

-  temps  universel  coordonnd. 

-  enregsitrements  magndtiques  dans  les  cas  de  traitement  en  diffdrd. 

-  moyens  de  contrdle  ou  d'dtalonnage  pour  les  verifications. 

certains  moyens  de  visualisation  directs  : 

-  ind'icateur  &  lecture  directe,  , 

-  enregistreur  graphique, 

^cran  cathodique  multitraces  pour  les  voies  PAM. 

s  dquipements  qui  sont  progra^ablesCparndes1ordresetransd'aSSUre'lrla  miSe  en  C°nf iguration  de  ceux 
teurs  universels  et  moyens  de  synchronisation  PAM  et  PCM)  S°US  *  ^  m°tS  de  16  bita  (discri">i- 


Pigure  4 


anisation 


tes  relais  (environ  1000  dans  la  version  aetnelloi 
ordres  sont  constituds  de  mots  deairbit1snpro^nant):"°nt  CO’maM63  par  une  lot^  ddcodage  don 


m 


soit  du  calculateur  d'acquisit ion  associe  a  chacune  des  2  "filibres"  de  traiteir^nt, 

poit  d'un  systfene  de  programmation  et  de  visual isrt ion  gir6  par  or.  calculateur  inclus  dans  le  reparti- 
teur. 

Ces  dispositifs  caracterisent  les  deux  modes  de  eonditionnement  d'une  filibre  de  traitement  qui, 
on  seulement  realxsent  les  connexions,  mais  assureiit  egaiemcnt  la  mise  en  configuration  des  materiels 
rogrammables  :  discriminateurs,  synchronisateurs  PAM  on  PCM,  moyens  de  simulation. 

ode  automat ique 

C'est  en  prlncipe  le  .rode  normal  qui  permet  les  mises  en  configuration  rapides.  Au  moyen  d'un  logi- 
iel  spdcifique,  l’operatinn  ccmporte  en  fait  deux  eta'pes  : 

la  mise  en  configuration  proprement  dite  cnmmanoee  par  It:  calculateur  d'acquisition, 
la  edification  de  la  configuration  affichee. 

ode  manue 1  assiste 

A  l'aide  du  systbme  de  programmation  et  de  visualisation. 

L'operateur  de  la  Salle  de  eonditionnement  des  informations  a  la  possibility  de  commander  le  derou- 
ement  d'un  programme  pilotant  le.  systbme  qui  fournit,  a  chaque  etape,  une  visualisation  sur  l'bcran 
ssociee  a  son  pupitre.  La  mise  en  configuration  du  repartiteur  peut  etre  realis^e  en  mode  conversation- 
el  en  selectionnant,  b  l'aide  d'un  clavier  k  16  touches  banalisees,  l'une  des  9  zbnes  de  la  matrice  du 
bpartiteur  puis  une  des  16  sous-zones  de  la  zflne  retenue  et  enfln  l'execution  ou  la  suppression  des  con- 
exions  possibles  dans  cette  sous-zbne. 

L'operateur  a  egalement  la  possibility  de  seiectiorner  trois  autres  fonctions  : 

la  visualisation  sur  6crari  de  16  parambtres  issus  de  message  teibmesure  en  binaire,  en  decimal  ou  en 
octal,  sans  introduction  d'btalonnage, 

la  visu  dite  "RESUMEE"  qui  donne  sur  i'bcran  une  presentation  explicite  de  la  liste  des  connexions 
etablies, 

la  programmation  des  disoriminateurs  universels. 

Les  operations  k  effectuer  apparaissent  en  sequence  dans  la  z6ne  commentaire  de  la  visualisation 
ur  l'ecran  du  pupitre  aperateur. 

Ce  "mode  martuel  assiste"  permet  d'effectuer,  soit  une  mise  en  configuration  sans  le  recours  au 
alculateur  d'acquisition,  soit  une  modification  temporaire  de  l'etat  affiche  en  "mode  automatigue".  Au 
ode  manue 1  assiste  s'ajocte,  le  cas  echbant,  un  mode  purement  manuel  ;  la  programmation  des  equipements 
tant  faite,  soit  par  les  touches  de  commande  sur  faces  avant  de  cnaque  equipement,  soit  par  i'er.voi  des 
ots  de  16  tits  de  commandes  sur  les  baies  de  programmation  par  1 ' intermediaire  d'un  clavier  specifique 
e  16  touches  au  pupitre  opbrateur.  ' 

,3,2,2'  -  Les  moyens  informatiques 

La  figure  4  donne  un  synoptique  de  la  chalne  d'acquisition  et  de  visualisation  associee  b  une 
alle  de  conduite  d'essais.  On  observe  que  cet  ensemble  est,  constitue  de  deux  mini-ordinateurs  de  16  bits 
ype  MlTRA,  interconnectes  par  une  liaison  canal  type  AMC. 

Le  premier  calculateur  ( initialement'  MI7HA  13/35  puis  MITRA  125,  modble  plus  puissant)  execute 
'acquisition  des  informations  teiemesurbes  (ou  enreqistrees) ,  'la , mise  en  grandeur  physique  de  tous’  les 
arambtres,  le  calcul  de  parambfres  eiabor.es  b  partir  de  parambtres  exprimes  en  grandeur  physqfue  (X,  VC , 

,  centrage,  masse,  etc....),  le  stockage  de  tous  ces  parambtres  sur  bande  magnbtique,  la  fabrication 
'uno  table  de  rbsultats  destines  au  calculateur  de  gestion  de  visualisation,  1 'edition  d'un  listage 
it  "Historique  de  vol". 

Le  deuxibme  calculateur  (MITRA  15/35  -  32  kmots)  reqoit  la  table  de  resultats  emise  par  le  calcula- 
eur  d'acquisition,  envoie  sur  ecran  les  parambtres  faisant  l'objet  d'une  surveillance  relative  k  des 
aleurs  de  consigne  et  pilote,  b  travers  une  unite  de  gestion  specialisee,  les  '2  consoles  polychromes. 

,3,2,3  -  Salles  de  conduite  d'essais 

La  configuration  des  deux  salles  de  conduite  d'essais  S.E./l  et  S.E./2  est  identique.  Elle  a  subi, 
prbs  une  premibre  phase  au  cours  de  laquelle  les  postes  de  travail  principaux  etaient  sbparbs,  un  re- 
roupement  au  niveau  d'un  pupitre  principal  (figure  5). 

L 'equipement  des  Salles  de  Conduite  d'Essais  comprend  :  . 

deux  consoles  polychromes  graphiques,  . 

une  console  monochrome  alphanumerique  donnant  la  liste  et  la  valeur  des  parambtres  qui  sortent  du  do- 
maine  de  surveillance  predetermine,  cette  surveillance  s' exerqant  'sur  48  parambtres, 

des  indicateurs  b  lecture  directe  dont  1 ' information  prpvient,  soit  directement  de  la  sortie  des  dis¬ 
criminateurs  de  teibmesure,  soit  du  calculateur  d'acquisition  par  1 'intermediaire  de  convert) sseurs 
numeriques  analogiques.  '  ■  \ 


SALLE  OE  CONJOUITE  D'ESSAIS 
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i  e  c,c i nt  de  marge  con  esoondant  .3  une  "acrelerat ion  totale"  nulls,  on  obtient  ia  vaieur  de  in  marge 
a  i ' ersect ion  ou  tra^e  aiec  i*a <e  sea  abscisses. 

•:  p  r"*r:.v?-w,r  de  charge  3 ms u  determine  do  it  et  re  acccmpagne  des  conditions  de  voi  a  cefc  irstsnt.  On 
pisocse  pour  i:?.i  ,:u  uort^ene  Superior  gaucne  qui  visualise  ;es  vaieurs  de  paramfrfcres  predetermines  et 
o*.  rartoucne  ntue  *u  ue-ssous  du  trace,  a  l  *  inter jeur  duquei  on  rseut  faire  apparaitre  juscu'a  six  paia- 
r^itres  au  mn:x  du  conduct eur  d‘esssi. 

■>t  snsemoie  ce  wateurs  .Masse,  Cent  rage.  Altitude,  Mach,  Regime,  Ts  -  Tso;  permet  de  reporter  le 
3Cint  ootenu  dans  un  aftaque  existant  ou  de  transcrire  facilement  le  r6suliat  dans  des  conditions  r-ominales. 
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MODIFICATIONS  APPORTEES  AU*  SALLES  DE  CONOUITE  D'ESSAIS 


Nombre  de  voyants  porte  a  64  pour  la 

©visualisation  de  4  mots  de  16  bits 
3  ecrans  video  avec  regie  (  au  lieu 
d'un  seul  ) 

(l)  Nombre  d 1  indicateurs  a  lecture  dir’ecte 
porte  de  9  a  12 


F igure  10 

-  Le  pupitre  principal  a  6t6  dote  d'un  bandeau  de  64  voyants  permettant  de  figurer  l‘6tat  bmaire  de 
A  mots  de  lo  bits. 

-  A  1 'Aquipement  "video"  initial,  reserve  aux  parametres  "fcurchettes"  a  et t  adjoint  une  regie  TU  qui 
permet  de  distribuer  sur  deux  ecrans  monochromes  suppl^mentaires  : 

-  so  it  les  images  provenant  ou  d'une  camera  embarqu6e  dont  le  messaqe  est  transeiis  par  un  canal 
teiemesure  ou  d'une  camera  d'observat ion  des  parkings  qui  apporte  d'utiles  ienseiqnements  sur 
l'etat  de  preparation  de  1 'avion  avant  la  mise  en  route, 

-  soi*.  la  localisation  de  1 'avion  et  son  altitude  a  partir  des  donn^es  issues  du  PC  de  trajectoqra- 
phie, 

-  soit  20  parametres  avion  sous  Forme  alphanumerique. 

-  La  capacite  du  panneau  d' indicateurs  £  lecture  directs  a  ete  portae  de  9  £  12. 


,  l 'augment  at  ion  du  nombre  d'ndicateurs  A  lecture  directe,  associes  £  la  visualisation  de  20  para- 
metres  alphanumeriques,  a  ete  realis6e  pour  les  raisons  suivantes  : 

-  donr.er  aux  Ccnducteurs  d'essais  une  information  residuelle,  simple  mais  suffi3ante  au  niveau  de  la 
sec.irite  de  1'essai,  en  cas  de  defaillance  <■-.  -ours  de  vol  des  moyens  informatiques  au  de  visualisation 
eiiboree. 

-  pormettre  la  visualisation  de  ces  parametres  dits  "parametres  de  security"  avec  un  d£lat  de  presenta¬ 
tion  infeneur  £  celui  qu'introduit  la  chalne  de  traitement  g6rant  la  visualisation  eiaboree. 

Pour  rdpondre  au  be30in,  la  modification  imposait  que  les  parametres  preiev^s  dans  le  messaqe 
teiemesure  ne  transltent  pa3  par  les.muyens  informatiques  pnncipaux.  La  solu’t  ion 'retenue  a  consists  £ 
jtili3er  les  ressources  du  calculateur  inteqre  dans  le  r6partiteur  programmable-  On  a  vu,  au  paragraphe 
ir6cddent,  que  oe  calculateur  dispo3ait,  des  1’oriqine,  d'un  loqiciel  permettnrtt  de  decommuter  des  para- 
n£tre3  et  de  les  visualiser  sous  forme  d'indioation  en  alphanumerique,  en  binaire,  decimal  ou  octal. 

fet  ensemble  de  traitement  a  ete  modifi*  de  mamere  £  pouvoir  assurer  la  decommutation  de  32  para- 
n£tres  lssus  de  messages  PCM  -  IRIG  ou  DANIfL,  de  l~s  exprimer  en  unites  de  grandeurs  physiques  par  un 
:raitement  simple  (ax  ♦  b  ou  a  *  b)  et  de  .les  transmettre  en  suite  de  conduite  d'essais  (20  en  alphanu- 

x  , 

idrigue  ♦  12  analoqiques) .  I 'extension  a  conduit  A  modi  f  ler  1 'eqiiipement'  informat  ique  du  reparti  eur  en 
issociant  au  calculateur  une  unite  de  disqueite  qui  permet  de  reqrcuper,  pour  un  mPme  svicn,  les  fichiers 
ie  connexion,  lus  fichiers  de  decommutnt  ion' et  a 'et a lonnaqes  des  12  parametres  de  "securite". 


'i' 


•%- 

¥ 


conr igurat ion  sont  assurees  sur  ie  rApartiteur  en  mode  manuel  assists.  Elies  sont  ensuite  transferees  sur 
le  calcoiateur  d' acquisit ion  de  maniAre  A  ce  que  les  mises  en  configuration  rApetitives  soient  faites  en 
node  autcmat ique ■  Cette  tArhe  s'ajoutait  a  celles  qui  do i vent  etre  faites,  avant  chaque  vol,  au  niveau 
aes  calculateurs  d’acquisttion  et  de  visualisation  et  parmi  lesqueiles  la  constitution  du  fierier  repre- 
sentatif  des  paqes  de  visualisation  represente  I'nperaticn  la  plus  lourrie.  Le  transfert  des  operations 
de  ruse  en  configuration  sur  une  disquette  associee  au  caiculateur  du  repartiteur,  permet  de  realiser 
les  ticnes  eu  parallel?  et  de  require  ie  aAiai  a' enehainement  des  vols  relatifs  a  des  avions  diffArents 
qui  est  passA  de  20  -  id  minutes  a  10  minutes. 

2 , 3  ,4  -  Xri*nS.f ormat^ion_en  cours. 

L’operation  la  plus  importante  porte,  actuel  lement ,  sur  la  renovation  des  -tnoyens  informatiques. 
tile  a  etA  renoue  nAcessaire  par  les  limitations  du  systAme  actuel  qui  se  traduisent  par  1 1 impossibi 1 i tA 
rid  traiter  en  temps  rAel  des  messages  numeriques  superieurs  A  4000  mots/seconde.  Cette  limitation  devient 
de  plus  en  plus  incompat  iDle  aver  ies  besoms  des  essais  de  systAmes  d'atmes  qui  rendent  nAcessaire  l'em- 
pioi  de  messages  £  cadence  beauroup  plus  importante. 

Le  C.E.V.  a  dune  engaqA  une  procedure  qui  conduira  A  remplacer  les  2x2  M1TRA  de  CIGALE  par 
2  G0U.D-5EI  3287/50.  t'un  de  ces  calculateurs  a  AtA  lived  en  Sovembre  19B3  et  sa  mise  en  service  cpAra- 
tionnel  est  prAvue  pour  le  5Ame  trimestre  1984. 

Ce  chanqement  permettra  d'auqmenter,  dans  un  rapport  sigr.if  icat  if ,  la  puissance  de  traitement  et 
de  calcul  temps  rdel. 

11  permettra,  en  outre,  de  remddier  au  ddfaut  de  1 ' instal lat ion  actuelle  qui,  du  fait  de  sa  struc¬ 
ture  'calculateurs  d' acquisi t  ion'  et  de  visualisation  en  sAnel  mtroduit  systdmat  lquement  un  retard  de 
)  A  2  seenndes  A  la  visualisation  des  paramAtres  elabords  sur  les  consoles  polychromes.  Avec  les  nouveaux 
calculateurs,  ce  retard  sera  compatible  avec  les  besoms  que  1'expdnence  permet  de  situer  A  la  valeur 
maximale  de  0,5  seconde  et  la  cadence  de  rafraichissement  des  informations  qraphiques  sera  de  20  par  se- 
conde .  ,  , 

Cette  modification  sera  compldtde  par  deux  opdrations  de  momdre  importance  qui  partiCiperont  A 
I ' amAl lcrat ion  du  systAme  : 

-  chanqement  de  systAme  de  qest'ioo  de  visualisation  polychrome  (CONCEPT  60j  permettant  une  vltesse  de 
traitement  plus  qrar.de  et  des  traitements  plus  souples  et  plus  spAcifiques, 

-  couplaqe,  A  cnaque  SFL  3287,  d'une  imprimante  Alectrostatique  pour  le  tracA  de  paramAtres  pendant  les 

vols.  '  ‘  • 
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ACTIVITES  DES  ESSAIS  EN  VOL  AMD-BA 


-  LES  AVIONS  EN  DEVELOPPEMENT 


Nous  avons  actuellemenc  13  families  differentes  d'avions  aur  lesquels  nous  poursuivons 
des  essals  de  develoopement . 

MIRAGE  III  Hcnoplace  et  biplace 

Avec  des  developpements  system  d' arses  (MIRAGE  5), 

MIRACE  HI  NC  Le  MIRAGE  III  3  comandes  de  vol  electrlquea  et  avec  system  d’arma  evolue. 

MIRAGE  IV  Bombardier  nuc  lea  ire  avec  une  renovation  du  system  d'anes  pour  exporter  le 

missile  ASMF. 

SUPER- ET END ARP  Modernisation  de  la  structure  (hypersustentatlon)  du  aoteur  et  du  system 
d'anaes  de  1' avion  ETENDARD  embarqud  de  la  urine. 

MIRACE  FI  Monopjace  et  blplace 

Avec  de  nombreusea  versions  export  et  la  version  reconnaissance  PI  CR. 

JAGUAR  Developpeaent  des  configurations  de  charges  exterr.es. 

ALPHA-JET  Avec  des  versions  nouvellea,  attaque  3  system  d'arms  digital  et  nouveaux 

moteurs. 

MIRAGE  2000  Monoplace  et  blplace 

Notre  avion  de  polnre  actuel  dans  diverse*  versions. 

ATLANTIQUE  ATL  2  Renovation  du  system  d'araea  des  ATLANTIQUE  MK  I. 

FALCCN  10  et  100 

FALCON  20  et  200  Qul  a  donn*  les  versions  GUARDIAN  (USA)  et  CARDIAM  (France). 

FALCON  SO 
FALCON  900 

En  plus  des  avions  en  production,  nous  avons  toujours  un  avion  prototype. 

Dans  le  passe  recent,  c'ltslt  le  MIRACE  4000  et  nous  pripsrons  l'ACX  qul  accrottra  nos 
connslsssnces  pour  l'etude  et  le  developpemnt  de  nouvellea  technologies. 

-  LES  ESSAIS  DE  RESPONSABTLITE  AMD-BA 


Pour  ces  avions,  les  moyens  mis  en  oeuvre  nous  on t  permla  d'assuaer  de  larges 
responsabl lltec  dans  les  dlff4rentes  alses  au  point. 

.  Mlses  au  point  cellule  • 


-  Domalnes  de  vol  de  1 'avion  llsse  et  avec- les  differentes  charges  extemes  3  I'intirleur 
rlesquels  on  controle  : 

.  les  vibrations  (flutter) 

.  les  efforts 

.  les  qualltes  de  vol  avec  les  limitations  en  incidence. 

-  Performances 

-  Adaptation  moteur 

-  Cvuundei  de  vol 

-  Circuits 

-  Des  -  sals  spjelaux  du  type  hsutes  Incidences,  vrlllea,  adaptation  moteur,.  entries  d’alr, 
systems  d’arrit  (frelns,  cross*,  parachute,  barrier*  d'arret). 

-  Certifications  d’avions  civile. 


Ce  sont  ces  mises  au  point  qui  constituent  actuellement  le  principal  de  nos  aotivites. 


Essais'  d' integration  des  contre-mesures . 

Essais  d'araeaent 

.  Separation  d'armeaent  ou  de  Melons. 

.  Tirs  reels  avec  des  boabes  etalonnees  pour  controls  de  la  precision. 

.  Tirs  canons. 

La  aise  au  point  de  l'arnement  lul-meae  n'est  pas  de  notre  responsabilite,  mais  noun 
avons  a  effectuer  les  essais  d'adaptatlon  a  l'avlon. 

Notre  responsabilite  du  sysceae  d'armes  s'etend  aux  essais  d'araenent. 

.  Essais  de  Reconnaissance 


AVIONS  EN  ESSAIS 


Les  travaux  des  Essais  en  Vol  sur  un  avion  s ' Ichelonnent  au  minimum  sur  une  perlode  de 
trols  ans  : 

.  La  definition  des  programed  ec  des  mesures  necesaalres. 

.  La  realisation  des  Hasses  dlectriques  et  approvlslonnement  des  materlels. 

.  Montage  de  l'avlon  et  de  son  Installation. 

.  Puls  les  essais  en  vol. 

Sur  cette  perlode,  nous  travalllons  sur  80  4  90  avlona  different*  et  nous  avons  en  llgr.e  de 
vol  siaultaneaent  40  4  50  avlons. 


Actuellement  on  peut  citer  : 

MIRAGE  III  -  versions  5  et  NC. 

MIRAGE  IV  P 

SUPER  ETENDARD 

MIRAGE  PI 

JACUAR 

ALPHAf-JET 

MIRAGE  2000 

ATLANTIQUE  ATL  2 

Avlons  civile. 

ACX 


PERIODE 

1983/1986 

5 

2 

3 

17 

5 

7  • 

25 
'  2 

14 

1 


VOLS 

MARS/84 

3 

2 

1 

'  8 
2 
3 

14 

2 

8 


BASES  D' ESSAIS 

Nous  avons  3  bases  d'essals, 

ISTRES  qui  est  la  base  principale  pour  les  essais  en  vol, 

.  Mlse  au  point  cellule 
.  .  F.mports  de  charges  exterieures 
.  Certifications. 

.  Essais  des  syst^mes  d'armes  en.vol 

.  Essais  de  compatlbilites  radlo-electriques  (EMC-EMI)  en  chambre  anecholde  et  en  vol, 

BRETIGNY  :  Centro  principal  pour  lesossals  de  systemes  d'armes.  Essais  au  sol  sur  des  bancs 
stlmulables  et  quolques  essais  en  vol  systeme  d'armes  ou  reconnaissance. 


CAZAUX  Essais  d ' armement . 


On  y  felabore  leg  provisions  qul  serviront  aux  controles  rapldes  sur  lea  bases  d'essals. 
On  peuc  etfectuer  des  exploitations  fines  avec  des  ordinateurs  pulssants  et  faire  Xa 
coaparalson  avec  les  previsions  dc  calculs  et  essals  en  soufflerle. 

One  Iteration  permettra  1' elaboration  de  nouvelles  bases  dc  ealcul. 


-  EFFECT IP  HPMAINS 

Le  total  des  effectlfs  des  3  bases  d' essals  est  de  1259  personnes. 

.  done  226  ingenleurs 

.  15  pilotes  Essals  et  Reception  dont  11  plus  partlculierement  Essals. 

Mon  service,  charge  de  la  definition  et  alse  en  oeuvre  des  oesures  embarquees,  de  la 
definition  et  Installations  des  iioyens  d' exploitation  au  sol,  est  de  110  personnes, 

.  8  Inforaatlclens  ont  cree  tous  les  logiclels  et  en  asaurent  1' evolution. 


-  ORGANISATION ,  MOYENS  DEVELOPPES 


Nous  pensons  que  ces  quelques  chiffres  demon t rent  di j 3  que  nous  avons  obtenu  une  bonnet 
efficacite  dans  nos  essals.  Elle  a  ete  rendue  possible  par  1 'organisation  de  notre  travail, 
les  moyens  mis  en  oeuvre,  et  une  certalne  discipline  dr. .8  le  cholx  des  materials  qul  evlte  des 
mlses  au  point  repetees  et  peraet  de  concentrer  nos  moyens  huaalns  sur  des  evolutions  pay antes . 

Notre  organisation  est  basee  sur  le  travail  en  petites  equlpes  avec  dee  moyens  Iegers 
permettant  de  les  repartlr  3  l'endrolt  geographlque  le  aieux  adapte.  Paralleleaent  nous  avons  mis 
eh  place  des  liaisons  rapldes  entre  nos  centres  d' essals  et  le  bjreau  d'etudes  I  ST.  CLOUD.  Nos 
ensembles  informatlques  sont  compatibles. 

Ces  moyens  d£veloppes  gone  bases  sur  : 

.  Acquisition  et  tralteaent  de  la  tcleuesure  en  temps  rSel  (ISTRES/CAZAUX) 

.  Bancs  de  systfmes  d'armes  stlmulables  par  ordinateur  (BRETIGNY). 

.  Essals  de  compatibility  radlo-electrlques  (SRETIGNT-ISTRES) . 


Les  essals  en  vol  sont  la  dernldre  etape  de  la  validation  et  certification  d’un  nouveau 
systems  avion.  II  faut  des  centalnes  et  frCqueament  des  allllers  d'heures  de  vol  pour  qualifier 
completement  un  avion  de  transport  ou  un  avion  de  combat  avec  son  grand  n ombre  de  configurations 
de  charges  ext£rleures. 

A  tltre  lndlcatlf,  nous  avons  ouvert  sur  le  MIRAGE  FI  environ  1450  configurations 
differences  et  sur  MIRAGE  2000  plus  de  500  sent  dfji  programmes. 

Le  nombre  de  paramdtres'  enregistres  peut  verier  de  100  pour  des  programs*  d'essals 
simples,  1  plus  de  1.000  (cas  du  MIRAGE  2000). 

Pour  tralter  ce  gros  montane  de  donn6es ,  la  condition  nfcessalre  du  succes  est  un  systdme 
d'acqulsltlon  .et  d'analyae  temps  rfol  efficace. 

Lis  le  d£but  des  enreglstrements  magnttlques  notre  philosophic  d'essais  a  et6 
prlnclpalement  orlentfe'sur  la  tel6mesure. 

Notre  experience  significative  en  la  matlire  date  de  1969.  Deux  accidents  nous  one  aontrg 
i  cette  ppoque  : 

.  la  n£cesslt6  d'une  surveillance  en  temps  r£el, 

.  qu'il  fallalt  developper  des  moyens  qul  n'existalent  pas  dans  le  monde,  en  particulier  du  point 
de  vue  flutter, 

.  qu'il  ne  fallalt  pas  negllger  les  vols  d'essals  dits  de  "routine”. 


LES  MULTIPLES  AVAKTAGES  DU  TRAITEMENT  TEMPS  REELS  SONT  LES  SUIVANTS  : 


1.1  -  S6curlte  du  vol 

En  dehors  d'incldents,  dont  on  ne  peut  savolr  s'lls  auralent  pu  devenlr  plus  critiques  , 
sans  cette. surveillance,  nos  efforts  dans  ce  domalne  et  1' invesrlssement  one  £t t  largesent 
remboursie  le  J  our  ou  nous  avon*  iiiiitl  un  pilot*  qul  avait  cu  un  u  la  lac  an  vol  aur  M1IACE 

?ooo. 


Dais  une  ambiance  plus  sereine,  l'equlpe  au  sol  peut  conseiller  efficacement  le  pllote 
dans  les  differences  manipulations  a  effectuer,  en  particulier  pour  les  essais  de  systeme 
d'armes.  On  peut  verifier  si  la  qualite  de  l'essai  est  bonne  pour  1 'exploitation  ulterieure  et 
eventuellement  ie  reprenare. 

3  -  Diminution  des  temps  d ' exploitation 

Les  resultats  acquis  en  temps  reel  peuvent  meme  permettre  d'effectuer  plus  d'essais  dans 
un  vol.  C'est  en  particulier  le  cas  pour  les  essais  hautes  incidences  et  vrilles. 

4  -  Controle  permanent  de  l'avion  et  de  son  installation  de  mesure  pendant  le  vol. 

A  la  fin  du  vol,  le  personnel  de  piste  doit  pouvoir  intervenir  avec  le  minimum  oe 
recherches  sur  les  equlpements  en  panne. 

Le  controle  de  toute  1' installation  de  mesure,  apres  le  vol,  demanderait  un  delat 
prohibitif. 

1.5  -  Integration  complete  de  l'equlpe  d'essais  et  des  equipementlers  au  sulvi  du  vol.  • 

La  disponibilite  de  resultats  d’exploitation  clairs  rend  plus  efficace  le  debriefing 
avec  le  pllote  a  la  fin  du  vol. 

1.6,  -  Ces  difference  points  permettent  de  dlmlnuer  le  nombre  de  vols  et  d'augmenter  la  cadence 

-  DESCRIPTION  DO  SYSTEME  D'ISTRES 


Les  slgnaux  telemesures  sont  requs  par  le  centre  de  recaption  SIERRA,  mis  en  oeuvre  par 
le  CEV.  Les  antennes  A  grand  gain  et  tree  dlrectlonnelles  sont  asservies  a  l'avion.  Leur  recep¬ 
tion  eu  bande  E  (2300  Mhz)  est  transposes  en  bande  A  (230  Mhz).  Le  comblneur  de  dlv,ersite  permet 
de  selectionner  la  meilleure  reception  et  la  transmission  s’effectue  par  cable  A  notre  selle  de 
telemesure.  Ce  signal  multiplex  est  dlrectement  enreglscre  sur  bande  magnetlque  A  titre  de 
sauvegarde  et  permettant  un  play-back  en  cas  d'anomalle  dans  le  traltement  temps  reel. 

Pour  le  traltement  en  llgne,  un  ensemble  de1  dlscrlmlnateurs  permet  de  separer  les 
differences  voles  du  multiplex  avent  de  lea  transmettre  A  l'ordinateur  et  A  la  salle  d'ecoute. 

.  Avant  d'entrer  dans  l'ordinateur,  lea  slgnaux  analoglques  sont  numenses  et  les  voles  commutees 
PCM  ou  PAM  sont  traiteea  par  des  uynchronlsateurs.  Les  entrees/sortles  de  1 'ordinatsur  sont 
lmplantees  tree  pres  de  la  source  des  Informations  pour  evlter  des  degradations  en  llgne. 

.  Lea  Informations  continues  et  les  Informations  analoglques  obterues.  apres  decommutation  des 
voles  commutees,  sont  transmlses  A  la  salle  d'ecoute. 

La  salle  de  telemesure  peut  recevoir  les  Informations  de  trois  vols  slmultanes  et  tout  le 
systAae,  y  comprla  l'ordinateur  et  la  salle  d'ecoute,  peut  etre  reprogramot  en  cinq  minutes 
pour  un  autre  avion. 

Trois. GOULD  SEL  32/7780  sont  disponiblen  dans  la  salle  ordinateurs  pour  1' acquisition 
avec  chacun  1  Mega  octets  de  memoire  centraie, 

Un  des  ordinateurs  est  equlpe  d'vn  ARRAY-PROCESSEUR  AP  120  B  pour  effpctuer  les 
traltements  de  vibration  avec  analyse  .uodale  pour  la  surveillance  du  flutter. 

On  peut  done  effectuer  trois  vols  slmultanes  temps  reel  ou  deux  vols,  si  l'un  d'eux 
comprend  des  essais  de  domalne,  qui  mobllisent  deux  ordinateurs. 

Les  donnees  de  vol  sont  converties  en  grandeur  physique  en  utilisant  un  fichler 
d'etalonnage  stocke  sur  dlsque.  . 

D'autres  calculs  temps  reel  sont  effectues  systematiquement ,  permettant  d'introduire  les 
corrections  anemometriques  dans  les  calculs  d'altitdde,  vltesse,  Mach,  d'etalonnage  d6bit 
metres  dans  le  calcul  du  debit,  de  calculer  la  masse,  le  centrage,  des  coefficients 
aerodyhamiques  simples,  l'lncidence  vral  etc,...  ' 

Tcateo  ces ' informations  sont  stockees > pendant  tout  le  vol  sur  des  bandes  magnetlques  A 
haute  denslte. 

No  :re  capaclte  d'acquisition  a  toujours  ete  le  resultat  d'un  compromis  entre  le  nombre 
d ' inf ormat Ions  necessaires  et  les  posslbilitAn  de  traltement  et  visualisation  temps  rdel. 

Panal  ces  sorties  de  resultats  : 

.  Un  llstage  de  90  informations  elaborees  toutes  les  quatre  secondes  est  effectuS  en  salle 
ordlnateur  pour  etre  iilsponible  au  debriefing  apres  le  vol. 

.  Trois  sorties  analoglques  sont  transmlses  A  la  salle  d'ecoute,  alnsl  qu'un  mot  de,  16  bits 
permettant  de  signaler  des  depassements  de  limltes  avec  la  visualisation  automatlque  des 
valeurs  des  parametres  pendant  ce  depassement.  _  - 


„„„„  uto  kiuiwcuLa  uiitauKiieiB  bi  ues  sorties  ce  resuicacs  settectue  dlrectement  de  la 
salle  d’ecoute. 

..  d'essals  peut  avoir  acces  a  tcutes  lea  valeurs  calculees  sur  dea  ecrans  sous 

plusieurs  formes  ; 

-  Llstages  types  d' ensembles  de  donnees  prepares  3  l'avance 

-  Traces  -  fonction  du  temps  ou  sous  forme  X,  Y 

-  Llstages  de  psramStres  a  la  demande 

-  Presentation  de  1' attitude  de  1' avion,  position  des  gouvemes, 
altitude  vltesse  dans  le  cas  d'esscis  a  haute  Incidence. 


Le  contenu  presente  sur  les  ecrans  peut  etre  copie  sur  traceur  electrostatique. 
Compte-ter.u  de  toutes  ces  informations,  la  capacity  temps  reel  est  de  8000  donnees  par  seconde 
En  salle  d'ecoute,  i'equipe  d'essals  a  egalement  acces  a  toutes  les  donnees  brutes  avant 
traitement  sous  forme  de  galvanometres,  mots  tops,  megascope  pour  les  vibrations,  scopes  avec 
presentation  du  type  bar-graphes,  ecran  video. 

Entre  deux  salles  d'ecoute.  une  salle  permet  la  surveillance  du  flutter  avec  un  analy- 
seur  temps  reel  donnant  2  spectres  et  la  possibility  de  tralter  sur  le  trolsleme  ordlnateur 
toutes  les  vibrations  transmlses  avec  la  presentation  des  la  fin  d'un  essal  de  tous  les  spec¬ 
tres  et  un  peu  plus  tard  d'analyses  plus  completes  permettant  de  tracer  pendant  le  vcl 
Involution  des  frequences  et  amortissements. 


Exploitation  en  temps  differg 


Sexploitation  n’est  pas  Unite  au  traitement  temps  reel. 

Des  traces  et  des  exploitations  plus  completes  aont  effectues  aprds  les  vols  et  de  nult. 
Un  quatrleme  ordlnateur  permet  egalement  ce  type  d' exploitation,  avec  des  melanges  de  bandes. 
II  est  utilise  aussl  par  nos  lnformatlclens  pour  falre  evoluer  nos  loglclels.Les  loglclels 
acquis  sont  une  accumulation  de  travail  depuls  1977. 


Les  resultats  stockes  sur  bande  peuvent  etre  copies  et  envoyes  au  centre,  de  SAINT-CLOUD 
pour  la  compcralson  des  resultats  avec  des  mode les  matnematlques  complexes  qul  necessitent  une 
Installation  plus  importarte. 


Une  fols  les  donnees  mlses  en  forme  pour  ces  exploltatl  ’ns,  ellos  sont  egalement 
accesslbles  par  les  lngenieurs  d'ISTRES  par  1 ' intermediaire  d'ur.  terminal  lourd  relie  par 
ligne  :elephonlque  avec  1' ordlnateur  de  SAINT-CLOUD, 


3  -  CA2AUX 

Nous  avons  A  CAZAUX  un  syst£me  temps  reel  de  caractSristlques  ldentiques  3  un  des 
ensembles  d'xSTRES. 


Ill  -  ESSAIS  DE  SYSTKMES  D'ARMES 


1  -  FRINCIPE  ET  MOYENS 


Notre  experience  dans'  ce  domalne  date  le  10  ana . 

L'arrivee  de  calcul&teurs  numerlquea  embarques  a  permls  de  falre  evoluer  les  systemes 
d'armes  par  1* Integration  de  dlff€renta  equlpements  dlalogant  par  bus  numerlque.  • 

L' augmentation  de  la  complexity  et  les  dlfficultes,  que  l'on  pourralt  avoir  dans,  les 
recherches  de  responsablllte  entre  les  equipementlers  et  le  maltre  d' oeuvre  de  1' Integration,  nous 
ont  conduit  3  concevolr  une  nouvelle  methode  d'essals. 

Cette  methode  a  permls  de  rendre'les  essals  au  banc  signif lcatlfS  dlmlnuant  de  (agon 
Import  ante  les  vols  d'essals  sur  avion  d'arme. 


Lea  mcyens  de  developpement  d'un  syateme  d'armes  comprennent 


.  La  simulation  avec  des  modules  mathematlquer  et  des  slmulateurs  permettant  de  eontroler  la 
pllotablllte  du  systime  et  definir  le  cholx  dea  figurations. 

.  Des  bancs  de  test  de  generation  electrlque 
.  Des  avlons  de  servltvdes  specialises. 

.  Des  bancs  d' Integra*. ion  avec  eventuellement  une  plate-forme  radar  ou  missile. 

.  Un  avion  de  servitude  integration  du  S.N.A. 

.  Une  maquette  radio  electrlque  avec  cage  de  Faraday  associee. 

.  Une  chambre  anecholde 

.  Les  avlons  d'essals  prototypes  ou  tete  de  aerie. 


Comme  ,  jut  les  essais  avions,  les  moyens  ont  ete  repartis  dans  les  differents  centres  : 
SAINT  CLOUD  :  Etudes,  simulations 

BRETICNY  :  Bancs  d' integration,  avions  de  servitude  CEV,  cage  de  Faraday,  maquette 

radio-electrique,  avion  C ' integration. 

ISTRES  :  Centre  de  simulation  au  CEV. 

Petite  simulation  pour  les  figurations  aux  essais  en  vol  AMD-BA. 

Les  essais  en  vol. 

Les  essais  en  chambre  anecholde. 


CAZAUX  .  :  Tirs  de  qualification. 


Un  systeme  de  Navigation  et  d'Attaque  est  compose  : 


C'un  ensemble  de  capteurs  comprenant  par  exemple  centrale  gyroscopique ,  plate-forme  inertielle 
centrale  aerodynamique ,  doppler,  radar  air-air  et  air-sol,  telemetre,  ECM. 

D'organes  de  calcul  pour  la  navigation,  l'attaque,  les  contre-mesures. 

Au  poste  pilote,  -le  pilote  dispose  d'organes  de  commande  et  de  dialogues  (panneau  de  control  a 
de  navigation,  panneau  de  controle  et  selection  d'armements)  et  de  visualisations  sous  forme 
de  viseur  tete  haute,  ecrans  cathodiques.  Map  display,  ECM,  instruments  de  pilotage. 

Les  armements. 

Tous  ces  ensembles  dialoguent  entre  eux. 

Ces  equlpements  sont  montes  prealablement  aux  vo»s,  sur  un  banc  d' integration  de  maniere  a 
optimiser  les  performances  de  l'ensemble. 


peut  travailler  de  deux  manieres 


.  Statlquement 

.  Dynamiquement  (stimulation) 


C'est  cette  demteve  methode  qul  a  ete  developpee  par  AMD-BA. 


.  d' adapter  et  controler  les  performances  des  interfaces  des  systemea, 

.  de  controler  la  sensibility  a  la  generation  electrlque, 

.  controler  les  performances  des  equipements, 

.  verifier  la  sensibilite  des  sorties  des  paramStres  vers  les  visualisations  pilote, 
.  controler  les  loglques  de  pannes, 

.  debugger  les  software. 


Mais  ilssqnt  llmltes  : 


.  Seulement  quelques  problemes  d' interfacage  peuvent  etre  aporehendes. 


.  Les  fouctionnements  dynamiques  ne  pouvaient  etre  vus  que  plus  tard  en  vol.  XI  s'agit  de 
problemes  de  filtrage,  d' extrapolations  de  lols,  de  bruit,  de  precision  dynainlque. 

D'autres  problemes  etaient  rencontres  en  vol 

.  Les  anomalies  rencontrees  on  vol  etaient  dif f icilement  Analysables. 

Elies  auraient  demande  l'enregistrement  d'un  treip  grand  nombre  de  paramStres  pour  avi 
,  oarametre  cle. 

.  L' interpretation  de  certains  phenomenes  peut  etre  difficile  pour  le  pilote  en  vol. 

.  II  est  tres  difficile  de  reproduire  la  meme  configuration  d'essais  et  chaque  modific. 
redemaniierait  le  mqme  essais  danB  un  nouveau  vol. 

La  stimulation  : 

La  stimulation  permet  de  rejouerune  phase  de  vol  en  reinjectant  dans  le  systei 
informations  capteurs  coherectes  prealablement  enregistrees  en  vol.  On  entre  dans  le  s; 
des  parairetren  pris  assez  loin  en  amont  de  facon  a  en  limiter  le  nombre  et  la  frequenci 
d ’echantillonnage . 

.  L’ordinateur  de  stimulation  est  un  COULD  EEL  32/77-80  homogene  a vec  les  ordinal  eurs 
d'acquisition  temps  reel. 

A  partir  des  donnees  enregistrees  sur  bandes,  il  effectue  interpolations  ei  le 

cadencement  necessaire  pour  reconstituer  a  travers  la  bale  de  stim  ion  les  informat:  onr  . 

capteur3  avec  les  memes  caracteristiques  qu'en  vol. 

Sur  ces  phases  stimulees  on  a  done  les  memes  visualisations  qu'ef,  vol  et  on  pet  t  changer 
les  fonctiona. 

Le  banc  est  instruments  et  l'ordinateur,  pendant  la  phase  de  stimulation,  fait 
l'acquisition  sur  disque  des  donnees.  Elies  seront  onsuite  traitees  et  tracees. 

La  stimulation  peut-etre  effectuee  au  debut  de  definition  par  des  bandes  types  ou  des 
simulations  provenant  des  simulateurs  ou  e  .  .iculateur  d'etude  ;  ensultc  par  des  bandes  5  rovenant 
d'un  autre  avion  ayant  enregistre  des  capteurs  equivalents  et  enfin  par  l'avion  d'essai. 

Ce 'moyen  permet  d'avoir  urt  outil  tres  puissant  pour  mettre  au  point  les  systems s 
lndependemment  de  l'avion  et  reduit  ainsi  le.  nombre  de  vols. 


La  comprehension  des  problemes  rencontres  en  vol  est  simpliiiSe. 

II  est  possible  de  rejouer  la  phase  de  vol  interessee  avec  les  equlpements  du  banc  et 
entuellement  de  l'avion  avec  une  possibility  d' instrumentaticn  plus  aisee. 

11  est  tres  facile  de  valider  lec  modifications  au  banc  avec  toujours  le  meme  assais. 
particulier,  on  peut  valider  les  modifications  des  logiciels  des  equlpements  en  regardant 
s  consequences  sur  le  reste  du  systeme. 

L'evaluation  des  performances  en  mode  normal  et  en  mode  degrade  (radio  sonde  au  lieu  de 
dar  ...)  peut-etre  faite  aisement  au  banc  avec  le  meme  essai  d'ou,  de  nouveau,  la  diminution 
s  vols.  On  peut  egalement  comparer  les  performances  des  algorithmes  complexes  dans  les  equipe- 
nts  par  rapport  3  un  algorlthme  absolu  sur  ordlnateur. 

L'installatlon  de  mesure  de  l'avion  d’esssis  mentee  au  banc  dans  la  phase  prSliminaire 
irmet  de  dlminuer  les  temps  de  mlse  au  point  sur  avlons  (necesslte  d' avoir  un  dialogue  reel  sur 
is  pour  valider  les  Interfaces  numeriques). 

Compte-tenu  des  tesultats  obtenus  et  la  facility  apportee  aux  Squipementiers  pour  leurs 
.ses  au  point,  nous  avons  pu  reporter  notre  principe  plus  en  amont:  dans  les  equlpements 
itlmulatlon  de  la  centrdle  aerodynamique,  de  la  plate-forme  lnertielle,  du  radar  au  niveau  de 
in  bus  interne), 

En  dehors  des  gains  de  temps  et  de  vols,  ce  ’moyen  nous  a  donne  la  possibility  d'offrir  3 
is  clients  des  systemes  adaptes  I  leurs  besoins. 

Nous  avons  finalement,  avec  la  meme  structure  avion,  des  modules  qui  sont  tres  diffe- 
mts  par  leurs  armements  et  leurs  logiciels,  ce  qui  explique  le  nombre  d'avions  en  essais  et  le 
imbre  de  bancs.  ‘ 

Actuellement ,  nous  avons  12  bancs  stimulables  avec  3  ordlnateurs  SEL  32/77-80  et 
MITRA  125. 


I0BES  ESSAIS  EN  VOL 


Pour  les  essais  en  vol  nous  appllquons  aux  essais  de  systeme  d'armes  les  memes  procedures 
te  pour  les  essais  cellule.  C'est-3-dire  telemesure,  procedures  temps  reel. 

On  ajoute  alr.sl  aux  gains  apportes  par  l,es  bancs  ceux  apportes  par  le  temps  rSel,  en 
irtlculier  la  transmission  video  des  informations  aynthetisees  sur  la  tete  haute  pllote  est  trSs 
:ile  pour  la  condulte  de  1' essai. 

D'autre  part,  cette  volonte  d'explcicatlon  temps  reel,  qui  a  apporte  des  contralntes  dans 
:8  definitions  des  mesures  effectuee's,  est  tres  payante. 

II  a  fallu  faire  evoluer  de  front  les  systemes  d'acqulsltion  embarquea  et  l'exploltatlon. 
is  points  lmpottants  apportes  sont  les  sulvants  : 

•lange  sur  un  message  unique  des  informations  sans  rythme  propre  (parametres  analoglques 
assiques)  et  des  informations  ayant  un  rythme  propre  (informations  bus). 

eatlon  d'un  format  PCM  adapte  3  ce  type  d'exploit  i‘ion  (format  DANIEL)  permettant  une 
qulsltion  plus  raplde  et  une  dotation  fine  des  Informations  ce  qui  est  n£ces8alre  pour  la 
lmulatlon. 

ogrammation  du  systeme  d'acqulsltion  embarque  par  l'ordinateur  d' exploitation  qui  possede  toua 
is  flchlers  des  informations  bus.  On  evlte  en  plus  les  erreurs  de  transmission  d' informations 
1  se  tradulralent  par  une  nouvelle  numerlsation. 

a  cadences  d'acqulsltion  temps  r£els  etaient  de  :  • 

OO  mots  par  seconde  en  1975, 

00 . .  en  1978, 

00  "  '*  "  en  1981. 

tte  contralnte,.  de  cadence  relatlvement  falble,  oblige  les  ingenieurs  A.blen  reflechir  sur  les 
solns  en  aelectionnant  les  paramStres  qui  sont  ngeessaires  3  la  stimulation  et  leurs  cadences. 

us  avons  reussl  alnol  de  tres  bonnes  mises  au  point.  On  €vlte  la  tentatlon  de  tout  enregistrer  ' 
priori,  ce  qui  se  tradulralt  par  des  augmentations  de  moyens  et  d'Snergle  sans  rSBultats 
nglbles. 

ur  permittee  des  stimulations  plus  en  amont  dans  les  4quipements  et  armements,  nous  sommes 
llges  d'enreglstrer  maintenant  d'autres  messages  PCM  sur  magnStique  embarque.  Ces  exploitations 
temps  dlffere  sont  realisees  avec  les  programmes  temps  r£el  pour  eylter  les  travaux  de 
glclels.  Ce  point  pourra  evidemment  evoluer  au  fur  et  3  mesure  des  dlsponibllites  des 
ogrammeiirs. 

dehors  de  css  generalitea,  on  peut  clear  d'autres  points  importauts  qui  se  tradulsent  par  des 
mlnutlons  de  cout  et  augmentation  de  l'efflcacity. 


5  -  Rigueur  dans  les  definitions. 

II  s'agit  d'fviter  au  maximum  lea  mises  au  point  inutlles. 

Nos  stations  d'exploltatlon  sont  r£allaees  par  une  seule  equipe  et  touteu  ldentlques. 

line  bonne  rigueur  dana  les  definitions  et  cholx  de  matSriels  embarqufa  a  permls  d'entrer  leu 
chaines  completes  da  mesure  aur  ordlnateur  qul  centralise  les  modifications. Le  dessln  des  Hasses 
sur  ordlnateur  a  divis£  par  trola  nos  heures  d'etude  (22  Haases  completes' effectufes  en  1982,  17 
en  1983  sans  compter  les  avlons  plus  simples  3  courte  perlode  d'essals).  Nos  temps  de  else  ~a 
point  aur  avion  ont  etd  fgalement  dlmlnufs  dans  le  meme  rapport. 

6  -  Utilisation  de  systBmes  delates  qul  ameliorent  1 'a. lonnabilltl  et  dlmlnuent  les  polds  de  cablage. 

II  permettent  egalement  d'assocler  des  ensembles  d'acquisltlon  utilises  depula  13  ans  (materiels 
du  MIRAGE  G  8  et  de  l'ALPHA-JET  encore  montes  sur  MIRAGE  2000)  dont  nous  avons  une  bonne  expe¬ 
rience  3  des  unites  plus  rdeentes  sulvant  les  besoins.  On  Unite  3  chaque  foie  les  rlsques  de 
mise  au  point. 

-  ESSAIS  DE  COMPATIBILITE  RADIO-ELECTRIQUES  (EMC-EMI) 


Ces  essals  permettent  de  verifier  l'aptltude  des  3qulpements  3  fonctlonner  dans  > 
l'envlronnement  electromagnet lque  et  de  definir  les  actions  correctives  eventuellea  (modifications 
des  equlpemer.ts  ou  du  cablage  avion) . 

Ila  sont  effectues  : 

.  sur  naquette  grillagee  pour  les  essals  d' implantation  d'antennes  et  les  mesures  de  decouplage 
dans  notre  uslne  de  Vlllaroche. 


.  sur  naquette  radlo-electrlque  et  en  cage  de  Faraday  3  BRETIGNY. 

.  sur  avion,  dans  notre  chambre  anecholde  d' ISTRES  en  partlculler  (notasment  pour  les 
hyperfr£quences  :  radar  et  contre-mesures) . 

II  est  3  noter  1* Importance  crolssante  : 

.  des  essals  en  cage  de  Faraday  sur  equlpements  individuals  (identification  de  la  signature 
electromagnetlque)  rt  sur  sous  aystdmes.  En  effet,  devolution  techno loglque  (developperaent  du 
numerlque,  courants  oe  commande  de  plus  en  plus  falble  ...)  conduit  3  une  plus  grande  senelblllte 
aux  parasites. 

.  en  chambre  anecholde,  notarament  pour  les  contre-mesures  avec  1, 'avion  complet  en  llgne  de  vol. 
Cette  chambre  permet  de  mettra  en  configuration  de  vol  (aVec  lea  circuits  avion  allmentes)  roue 
nos  avlons  (mis  3  part  L' ATLANTIQUE) .  Ses  dimensions  sont  : 


-  20  m.  de  large 

-  28  m.  de  profondeur 

-  13  m.  de  haut 

No  It  un  volume  de  7280  m2.' 


-  MOYENS  INFORMATTQUES  DI5P0NIBLES  AUX  ESSAI3  EN  VOL 
HT5T0RIQUE 

2  IBM  1800 
Memolres  2  x 
48  Koct. interne 
1,3  Moct.  dlsque 

1974  -  VILLAROCHE  I  banc  stimulable,  1  SEL  85 

Mem.  128  Koct  Interne 
24  Moct  dlsque 

1978  -  I STEFS  2  salles  d'ecoute  temps  reel  2  SEL  32/55 

2000  mots/s  Memolres  2  x 

256  Koct  interne 
80  Moct  dlsque 
+  1AP  120  B. 


1969  -  ISTRES  2  salles  d'6coute  temps  reel 

■  1600  mots/s 


-  BRETIGNY  4  bancs  stimulables  , 


1979  -  ISTRES  2  salles  d ' ecoute, temps  reel 

4000  mots/s 


1  SEL  85 

Mfm.  192  Koct  interne 
24  Moct  dlsque  . 

1  SEL  85 

1  224  Kpct  Interne' 

2  x  24  Moct  dlsque 

3  SEL  32/75 
Mem.  384  Koct  interne 

3  x  80  Moct  dlsque 


BRETIGNY 

5  bancs  stimulables 

2  SEL  85 

Dessins  C.A.O  a  TOULOUSE 

1980  -  ISTRES 

2  salles  temps  reel 

3  SEL  32/75 

8000  mots/s 

(+IPU+WCS)+  1  AP  120B 
Mem.  512  Koct  interne 
4  x  80  Moct  disque 

Simulation  des  visualisations  pilote 
Liaison  SEL/32  Ordinateurs  SAINT-CLOUD 


BRETIGNY 

7  bancs  stimulables 

2  SEL  85 

256  Koct  interne 

4  x  24  Moct  disque 

BRETIGNY 

1  MITRA  125 
512  Koct  interne 
50  Moct  disque 

1981  -  ISTRES 

2  salles  temps  reel 

3  SEL  32/75 

CAZAUX 

1  salle  temps  reel 

8000  mots/s 

1  SEL  32/77 
+IPU+WCS 

Mem.  512  Koct  interne 
2  x  80  Moct  disque 

BRETIGNY 

9  bancs  stimulables 

i  SEL  32/77 
+IPU+WCS 

512  Koct  interne 
80  Moct  disque 

■ 

2  SEL  85 

1  MITuA  125 

1983  -  ISTRES 

3  salles  temps  reel 

8000  mots/s 

3  STL  32/7780 
+1  AP  120  B 
3x1  Moct  interne 
6  x  80  Moct  disque 

Simulations  pilote 

1  SEL  32/7780 

Liaison  SEL  32  — *  SAINT-CLOUD 
TSO  —■*  SAINT-CLOUD 


I  station  mobile  telemesure 

1  station  mobile  telemesure  >  1  SEL  32/2750 

avec  exploitation  Mem.  1  Moot  interne 

2  x  80  Moot  disque 

CA2AUX  1  salle  temps  reel  I  SEL  32/7780 

,  1  Moot  interne 

2  x  80  Moct  disque 

BRETIGNY  10  bancs  stitnulables  2  .  EL  32/7780 

1  Moct  interne 
2  x  80  Moct  disque 
2  x  300  Moct  disque 

1  SEL  85 
1  MITRA  125 

COHPIGURATION  1984 

ISTRES  3  salles  d'ecoute  temps  reel  3  SEL  32/7780 

8000  mots/s  +1AP  120  B 

MSa.  3x1  Moct  interne 
6  x  80  Moct  disque 

1  SEL  32/8780 
4  Moct  interne 
2  x  675  Moct  disque 
x  1  AP' 5025 

1  station  mobile  telemesure 

I  station  mobile  telemesure  1  SEL  32/2750 

+  exploitation  1  Moct  interne 

2  x  80  Moct  disque 

Simulation  1  SEL  32/6780 

1  SEL  32/9750 

Liaison  SAINT-CLOUD  cerminal  avec 
,  2  consoles  TSO 


I  lf«(C  I 


SYNOPTIQOE  DE  INSTALLATION  DE  MESURE 
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REAL  TME  TESTING  -  THE  NEXT  GENERATION 


James  D  Dmkel 

Grumman  Aerospace  Corporation 
Calverton,  NY  1 1933 


SUMMARY 

.  Grumman  Aerospace  has  used  reai  rime  testing  since  1950.  It  took  a  giant  step  forward  with  the  addition  of  on-line  process¬ 
ing  when  the  Automated  Telemetry  System  (ATSi  •  -em  on  lint  in  1970.  Through  two  generation.*:  of  testing  capability,  the  ATS 
has  provided  flight  test  engineers  with  the  capability  to  acquire  a~.!  process  data  and  analyze  the  answers  obtained  during  a  test 
operation  To  increase  this  capability  for  the  more  dv.manding  requirements  of  the  future,  a  New  Display  and  Control  System 
(NDCS)  is  being  developed.  When  the  NDCS  is  fully  operational  in  1986.  the  ATS  will  move  into  the  next  generation  of  real 
time  testmg  This  paper  wrtf.de  scribe  the  requirements  set  for  the  new  system  and  the  design  developed  to  meet  them. 

INTRODUCTION  '  '  * . 

Since  1970,  Grumman  has  been  using  extensive  real  time/on-line  processing  during  flight  testing.  From  the  highly  successful 
F-14  development  program  to  the  prescnc  day,  Grumman's  ATS  has  reduced  flight  test  development  time  and  cost  through: 

•  Improved  testing  efficiency 

—  Fewer  test  points  required 

—  Fewer  contingency  flights 

—  Immediate  validation  of  maneuver 

—  Assured  quality  of  instrumentation  and  data  1 

•  Enhanced  productivity 

—  More  test  points  per  flight  hour 
Faster  envelope  expansion 

o  Flutter 
o  Loads 

o  Stability  and  Control 
o  Inlet  Compatibility 

—  More  test  time  per  flight 

—  Use  of  alternative  objectives 

—  Fewer  flight  aborts 

•  Accelerated  turnaround 

—  Higher  (light  rate 

—  Coovlete  data  analysis  for  critical  decisions 

—  Fewer  flights,  less  required  maintenance. 

In  addition,  flight  safety  has  been,  enhanced  by  automatic  limn  checking  of  measured  parameters. 

The  ATS  has  been  continually  updated  over  the  past  1 3  yean  to  maintain  its  capability  and  is  now  in  its  second  generation. 
However,  it  is  evident  that  major  changes  are  required  to  meet  the  increasing  demands  of  complex  future  test  requirements. 

This  paper  will  discuss  pan  ATS  performance  and  what  changes  are  being  made  to  provide  a  superior  real  time  testing  capabili¬ 
ty  at  Grummaa. 

PAST  GENERATION 

The  first  generation  of  real  time  testing  at  Grumman  was  conceived  in  1965  and  became  operational  in  1970.  This  ATS 
system  (Fig.  II  consisted  of  a  complement  of  hardware  and  software  subsystems  which,  combined  with  a  central  processor, 
formal  the  integrated  system  capability  required  to  perform  real  ume/on-line  flight  test  analysis.  The  prime  objective  was  to 
provide  real-time  answers  (not  just  raw  data)  to  flight  test  quesuoos  through  interactive  (tea  processing  of  telemetered  test  data. 

Using  extensive  computer  control  and  sophisticated  interfaces  between  subsystems,  the  system  provided  dam  services  in  real- 
ume  In  the  pets,  these  snstrers  were  nos  available  until  days  after  a  lest  (light  The  proven  hardware  and  software  character¬ 
istics  of  this  facility  promoted  (he  successful  and  timely  completam  of  a  flight  test  program  because  X  displayed  engineering 
.-amputations  in  an  understandable  format  In  addition,  il  eliminated  data  turnaround  constraints  and  allowed  for  on-line, 
nndificalioa  of  flight  plans. 

The  value  of  real  tune  tewing  Has  been  proven  many  times  Gnimntatt  hat  documented  three  specific  areas  where  ATS  hat 
mptxived  the  performance  of  flight  lest  operations 

•  A  flight  director,  at  his  console,  has  access  to  the  computational  power  of  one  of  the  Largest  scientific  digital  computers  of 
the  industry  through  an  alphanumerical  keyboard,  fund**  keys,  and  a  video  display.  He  may  request,  in  real-ume.  pro¬ 
cessed  data  such  as  performance  and  Mach  Number  calculations  and  receive  the  teal  data  immediately.  During  flight  test 
operation*,  the  system  also  monitors  limn  violations  and  reports  them  as  they  occur 

•  The  "maa-iw the- loop"  concept  allow*  adaptive  flight  tewing.  The  engineer  can  renct  to  presented  data  by  modifying  the 
tew  plana  baaed  on  actual  result*  Responses  have  ranged  from  extreme  caution  to  unprecedented  envelope  expansion 
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FRONT  ENO  PREPROCESSOR  DISPLAY  ft  CONTROL 


•  ACQUISITION  •  ANALOG/DIGITAL  •  STATION  CONFIGURATION 

rnuudicirM 

•  SNITCHING  •  COMMUNICATIONS 

•  PCM /DIGITAL 

•  CONDITIONING  CONVERSION  •  DATA  COMPUTATION 

•  TIME  GENERATION  •  DATA  DISPLAY  ' 

•  ENGINEERING  UNITS 
CONVERSION 

>~02«3-OQ1B 

Fig.  1  ATS  -Original  Flight  Tart  Syrtam 


•  The  extensive  CRT  yaphics  capability  allows  the  flight  test  analyst  to  work  with  "answers'*  in  a  variety  of  formats  versus 
the  tabulated  engineering  units  data  previously  obtained. 

1ESENT  GENERATION 

We  entered  the  second  generation  in  1976  with  the  introduction  of  a  new  software  operating  system  —  System  Tele- 
OPETM  J40,  Under  this  system,  the  ATS  was  reduced  from  three  data  streams  to  two  pn manly  because  of  declining  flight 
•t  activity  as  wet!  as  increased  productivity  of  the  new  system.  Tele-SCOPE^M  340,  a  superset  of  the  former  standard  Coo- 
4  Data  Corporation  SCOPE  software. 'provided  extensive  multiprogramming  and  multiprocessing  capabilities.  This  translated  ' 
o  enhanced  comptsrtioaal  capabilities  which  allowed  the  real  time  analyst  to: 

•  Look  up  data  from  large  tabulated  data  files 

•  Process  non-real-tnne  critical  calculations  in  a  deferred  mode  which  allows  calculations  to  be  performed  at  whatever  rate  is 
required  10  complete  them'.  This  etinuiaies  the  need  to  keep  up  with  the  incoming  stream  of  raw  data,  while  supplying 
answers  in  a  near  real  tune  environment 

•  Increase  core  storage  for  analysis  program 

•  Create  output  date  files  which  could  be  sent  to  an  off-line  printer  during  or  after  the  flight.  These  files  could  also  be  used 
aa  input  to  other  program 

•  l  me  (maneuver  processing  so  that  calculations  could  be  made  between  test  points  using  data  accumulated  from  the  previous 
teat  pow. 

All  of  these  changes  translated  into  more  timely  and  accurate  data  and  provided  the  flight  teat  analyst  with  real  time  answers 
uch  were  previously  available  only  in  the  batch  processing  environment. 

The  operational  enhancements  provided  by  Tele- SCOPE  340  included  the  ability  to  initialize  and  prepare  foi  execution  up  to 
'  computer  program  prior  to  flight,  aa  compared  to  only  one  previously.  This  feature  also  shortened  the  time  needed  to 
'Uch  from  one  program  to  another  from  over  2  minutes  to  under  30  seconds.  In  addition.  Tele-SCOPE  340  created  a  data  file 
mpnsed  of  all  the  raw  data  passed  from  the  pteprocemor  to  the  central  computer.  This  recall  file  permitted  data  previously 
iked  at  during  real  turn  to  be  reprocesced  by  the  same  or  a  completely  different  program. 

Later  additions  to  the  second  generation  system  included  a  heads-up  display  of  flight  conditions  and  priority  parameter  out  of 
nits,  and  television  displays  of  the  runway  and  flight  line. 


XT  GENERATION 


"he  next  generation  ATS  will  begin  in  the  second  quarter  of  1986  when  the  fully  operational  NDCS  comes  on-line.  "ig.  2 
tains  the  highlights  of  the  NIX'S  development  schedule.  The  initial  portion  of  the  schedule  involved  establishing  design  Te¬ 
nements  which  will  be  discussed  next. 


tern  Requirements 

irumman  recognized  in  the  late  1970s  that  major  ATS  subsystems  required  upgrading  and/or  replacement  to  be  viable  into 
1980s.  After  careful  technical  analysis,  management  established  the  preprocessing  subsystem  as  first  priority.  The 
processor  replacement  was  completed  when  a  new  Advanced  Telemetry  Preprocessor  (ATP),  designed  by  Grumman  Data 
terns,  went  on-line  in  July  of  1982.  Although  the  preprocessing  subsystem  was  replaced  first,  the  display  and  central  com- 
rr  subsystems  were  by  no  means  ignored  Since  the  late  1970s,  scores  of  meetings  have  been  held  at  many  organizational 
:ls  to  establish  the  general  broad  requirements  that  the  replacement/upgrade  had  to  address. 

i  spite  of  the  numerous  software  and  hardware  modifications  made  to  the  ATS  over  the  yean,  the  Fight  Test  Department 
eved  that  the  "real  time/on  line"  test  productivity  had  materially  degraded  since  the  period  o«  peak  F-14  developmental  ac- 
ty  and  the  use  of  the  ATS  for  systems  flight  testing  had  not  materialized.  The  fundamental  problem  was  that,  while  we  were 
■rovipg  the  flow  of  digits  through  the  processing  loop,  we,  were  not  materially  enhancing  the  quantity  or  quality-  of  the 
wers  presented  to  the  flight  test  engineers.  Among  the  most  significant  causes  for  this  were:  . 

The  basic  display  system  design  (i.e.,  only  one  Dots  Analysis  Station  (DAS)  per  stream) 

Complexity  of  applications  software  vis-a-vis  available  computational  capability 

Inability  of  the  system  to  respond  rapidly  to  even  minor  changes  in  the  applications  software 

Limited  (to  non-existent)  data  base  display  capability 

Unsatisfactory  hardcopy  facilities 

Crowded  physical  arrangement 

Signal  breakup  and  noise  requiring  processing  from  A/C  tape. 

hese  factors  forced  the  test  engineers  to  rely  more  on  post  flight  processing  for  their  answers,  and  to  depend  on  strip  chart 
e  displays  for  the  real  time  (safety  of  flight  oriented)  testing. 

ddibonaljy,  the  existing  system  still  had  two  single  points  of  failure  that  could  stop  all  real  dine  test  operations  —  the  cen- 
computer  and  the  3398  Display  Controller.  While  the  ATP,  per  se,  would  not  significantly  alter  the  above  deficiencies,  its 
titecture  would,  when  combined  with  a  more  capable  Display  and  Control  System  replacement,  allow  an  opportunity  to 
me  this  unacceptable  trend. 

o  remedy  this  problem  the  Fight  Test  Department  issued,  in  April  1982,  a  set  of  requirements  for  a  NDCS  which  was  id¬ 
led  to  improve  real  dme/on-iihe  test  productivity  by  allowing  the  test  engineers  to  complete  their  answer  acquisition  tasks 
ng  the  fligtu.  The  highlights  of  these  requirements  are: 

The  display  subsystem  consists  (initially)  of  two  independent  streams  each  consisting  of  two  DASs  and  one  Test  Conductor 
Station  with  either  or  both  DASs  from  one  stream  capable  of  being  independently  assigned  to  the  other  stream.  Four  strip 
chad  recorders,  available  for  the  display  of  32  raw  parameters,  may  be  individually  assigned  to  either  stream 
The  initial  system  must  be  expandable  to  three  streams  with  three  Test  Conductor  Stations  and  up  to  12  DASa  (nominally 
four  per  stream),  with  any  eight  assignable  to  one  stream 

The  DASs  must  be  capable  of  performing  computations  and  display  functions  and  have  sufficient  local  storage  capability  to 
store  aircraft  envelopes,  previous  flight  data  fairings,  and  selected  data  from  previous  flights  and/or  baseline  engineering 
.  analysis  data  aa  well  as  local  recall  and  system/ user  flies 


Each  of  the  DASs  must  be  independent,  and  capable  of  operating  on  the  same  data  fas  any  other  DAS  supporting  the  same 
real  time  input)  with  different  programs,  or  different  data  (in  the  same  real  time  stream)  with  different  programs 
The  computational  capability  and  storage  requirements  for  each  DAS  will  be  independent  of  other  processors 
The  capability  to  allow  presentation  of  plots  comprised  of  data  from  current  files  and  from  previously  stored  flights  or 
baseline  engineering  analysis  data 

The  DAS  must  provide  the  capability  to  create,  debug,  and  validate  specialized  applications  software 
Each  DAS  will  consist  of: 

—  A  black  and  white  CRT  with  the  capability  to: 

o  Display  up  to  16  raw  or  calculated  scrolling  time  histories  on  eight  annotated  grids 
o  Display  10  raw  or  calculated  parameters  plus  time  in  half  screen  tabulated  format 
o  Display  14  screen  cross  plots 
o  Reverse  or  freeze  the  scrolling  time  histories 

o  Select  start/stop  times  from  the  scrolling  time  history  display  for  further  data  processing 

—  A  color  CRT  to  display  data  from  complex  computational  programs  run  from  a  data  file  created  ir>  real  time.  This 
display  will  have  the  capability  for  two  and  three  dimensional  graphics  requirements  and  simplified  subsystem 
schematic  line  diagrams  with  numeric  displays  at  points  representing  key  areas  of  interest 

—  A  strip  chart  recorder  with  the  following  capabilities 

o  Display  at  least  eight'  raw  or  calculated  parameter'  plus  time  on  edge  pen  on  a  continuous  basis  unless  stopped  at 
the  recorder 

o  Computer  controlled  parameter  selection  and  scaling 
o  Pre-initiaiizcd  setups  selected  via  keyboard  controls 

—  A  hardcopy  device  capable  of  output  from  either  the  time  history  or  analysis  CRT  display 

—  A  repeater  scop:  showing  the  Test  Conductor’s  out  of  limits/discrete  CRT  display 
Each  Test  Conductor  Station  cor  ists  of: 

—  A  color  CRT  with  the  ability  to  display 

o  Up  to  24  out  of  limit  conditions  from  a  maximum  of  100  items  being  limit  check 
o  Up  to  ISO  discrete  measurements  by  title  in  a  grid  *ype  pattern 

o  Current  flight  condition  informaticn  including  time,  Mach  number,  altitude,  gross  weight,  etc 

—  A  black  and  white  CRT  capable  of: 
o  Producing  its  own  displays 

o  Repeating  any  DAS  time  history  display 

—  A  strip  chart  recorder  with  the  same  capabilities  as  the  DAS  recorder. 

ce  these  requirements  were  released,  a  start  up  team  was  organized  with  representatives  from  Grumman  Date  Systems  and 
unin's  Right  Test  Department.  This  led  to  the  formation  of  a  NDCS  design  team  in  September  1982.  The  design  team 
>d  the  original  requirements,  added  additional  requirements,  and  issued,  in  the  beginning  of  December  1982,  a  System  Re- 
ments  Document  for  the  NDCS.  This  document  formed  the  basis  for  the  design  work  to  follow. 


TFM  DESIGN 

ce  the  requirements  were  established,  the  program  moved  into  the  preliminary  design  phase.  At  the  beginning,  the  design 
established  the  following  high  level  design  goals: 

Vleet  flight  test  requirements  ti.  rough  rhe  1990s 
Design  for  ease  of  future  upp-  tde/expsr ions 
Limit  primary  hardware  cost  to  $1.5  mil -.on  U.S.  dollars 
<eep  manpower  costs  under  S3. 5  milt'on  U.S.  dollars 
•lave  a  demonstration  prototype  Ly  fe  fourth  quarter  of  1984 
lave  an  operational  prototype  by  toe  fr»irtft  quarter  of  1985 
3c  fully  operational  by  the  end  ct  the  .vcond  quarter  of  1986 
kation-wide  ATS  compatibility. 

Jt  these  goals  and  the  system  requirements  in  mind,  the  team  produced  the  baseline  configuration  shown  in  Fig.  3  by  the 
helurinaiy  Design  Review  date  in  March  of  1983. 

;  baseline  configuration  is  a  distributed  processing  architecture  system  centered  around  a  local  area  network.  This  design 
»ents  a  considerable  departure  from  the  Original  centralized  system  shown  in  Fig.  1,  but  was  the  logical  choice  to  meet  the 
and  requirements  discussed  above.  The  possible  vertical  movement  in  the  DAS  host  computer  lends  itself  toward  expand- 
t.  Without  changing  the  system  software  one  can  progress  upwards  through  Digital  Equipment  Corporation's  extensive 
product  line.  Horizontal  growth  can  be  accommodated  by  simply  adding  DASs  to  the  network.  Additional  growth  dimen- 
are  possible  by  adding  communications  trunks,  additional  preprocessors,  Other  array  processors,  additional  mass  memo- 
od  other  special  devices  to  the  network.  Single-prams  of  failure  are  minimized  and  even  with  the  sudden  loss  of  an  asset, 
stem  isay  be  rapidly  reconfigured  with  little  risk.  Each  asset  will  be  independently  and  rapidly  re-assigned  from  one  dau 
n  to  another. 

s  system  allows  low-risk  limultaneous  real  time/non-real  time  activities  (post  test  analysis,  hardware  and  software 
snance,  and  application  progtao  development)  In  addition,  concurrent  secure /non -secure  operations  are  now  possible  by 
'are  and  software  isolation. 


Fig.  3  NDCS  Baseline  Configuration 


he  local  area  network,  using  Network  Systems'  HYPERchannelTM  communication  line,  permits  the  integration  of  several 
erent  computers  (CDC,  SEL,  VAX)  into  one  system.  The  network  and  its  interface  hardware  allow  the  selection  of  the  right 
:hine  for  the  right  job.  By  carefully  planning  the  network,  the  traumas  associated  with  a  multi-vendor  system  are  eliminated, 
shown  in  Fig.  3,  the  network  alicws  the  integration  of  two  ATS  assets  not  directly  associated  with  NDCS  (Flight  Test  Fixed 
e  Simulator  and  Floating  Point  Systems  164  Array  Processor)  into  the  system.  The  SEL  32/87  minicomputer  used  by  the 
ulator  can  become  a  third  preprocessor,  if  needed  in  the  future,  and  will  be  used  to  supply  data  to  the  DASs  during  NDCS 
elopment.  This  frees  the  ATPs  to  support  the  current  real  time  system.  The  array  processor  provides  high  rpeed  computa- 
al  power  required  for  such  tasks  as  advanced  flutter  analysis. 


. 


ata  flow  within  the  system  starts  at  the  ATS  front-end  with  reception  of  the  telemetry  signal  from  the  test  vehicle.  The  data 
ten  passed  to  the  ATP  for  digital  and  engineering  units  conversion.  Predefined  groups  of  parameters  are  then  selected  frv.n 
total  data  stream  and  passed  to  the  respective  DASs  demanding  data  at  that  time  over  the  HYPERchannei^^.  A  master 
ill  data  file  of  the  total  stream  is  recorded  at  the  ATP  on  a  disk  storage  device.  Data  received  at  each  DAS  is  processed  in 
time  by  its  own  minicomputer  (VAX-1 1/750)  for  display  on  a  “time  history  display' ''and  a  strip  chari  recorder.  Thesie  data 
also  recorded  on  a  local  recall  data  file  for  further  processing  by  the  main  analysis  programs. 

he  DAS  will  consist  of  two  CRT  displays  (time  history  and  analysis),  one  strip  chart  recorder,  one  repeat:"  scope  of  the 
t  Conductor's  out. of  limits/discrete  display,  one'hardcopy  device,  and  provisions  for  individual  communications  control 
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nels.  In  addition  to  the  hardware  shown  in  Fig.  4,  each  DAS  will  have  a  VAX  11/750  minicomputer  to  perform  the  computa- 
nal  and  overall  control  functions  and  two  disks  for  storage  of  analysis  software,  data  base  files,  raw  data  received  from  the 
fP,  and  calculated  output  data  files. 
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Fig.  4  OAS  Hardware 


"he  “time  history  display’’  is  intended  primarily  for  real  time  data  analysis.  It  will  be  capable  of  displaying  raw  or  calculated 
a  in  the  fotm  of  scrolling  time  histories,  tabulations,  cross  plots,  or  any  combinations  of  these.  Besides  data  and  test  maneu- 
validation,  the  analyst  at  this  display  will  be  able  to  select  start/stop  times  for  further  analysis  on  the  “analysis  display.’’ 

:  selection  process  will  be  made  from  the  scrolling  time  history  displays  via  a  vertical  cursor.  Selection  can  be  made  as  the 
a  passes  the  cursor  on  the  screen  or  toe  screen  can  be  frozen  and  the  cursor  moved  to  the  appropriate  position  on  the  time 
tory. 

Tie  strip  chart  recorder  will  provide  additional  real  time  monitoring  capability  for  raw  or  calculated  data:  A  total  of  eight 
ameters  may  be  displayed  at  one  time  with  the  capability  to  switch  . to  any  one  of  sever'd  other  sets  of  predefined  parameters 
a  touch  sensitive  function  panel.  The  strip  chart  will'  automatically  be  annotated  to  identify  which  group  of  parameters  is  be- 
displayed. 


dost  answers  will  be  displayed  on  the  analysis  screen.  Test  maneuvers  time  sliced  at  the  time  history  display  will  be  proc- 
ed  behind  real  time  from  data  stored  on  the  local  recall  disk  file.  This  allows  complex,  time  consuming  calculations  to  be 
formed  without  the  constraint  of  keeping  up  with  the  real  time  data  stream.  Data  can  be  output  in  a  flexible  array  of  formats 
luding  tabu'ations,  cross  plots,  multi-parameter  plots,  time  histories,  and  annotated  schematic  dra  rings.  In  addition,  data 
m  previous  flights,  or  estimated  data,  will  be  displayed  together  with  the  current  data.  Extensive  use  of  color  will  be  made 
tnhance  data  readability.  Since  each  DAS  is  independent  of  the  others,  data  analysis  can  continue  long  after  the  test  maneu- 
s  have  been  flown  by  accessing  the  local  recall  data  file  or  the  master  recall  file  at  the  ATP  if  it  is  not  transferring  real  time 
a.  This  will  not  effect  die  rest  of  the  flight  operation. 

he  hardcopy  device  will  provide  permanent  output  copy  of  the  data  from  either  the  time  history  or  analysis  display  .  The 
Mays  will  not  be  noticeably  effected  when  hardcopy  is  requested.  .Copies  will  be  available  approximately  15  seconds  after  the 
uest  is  made.  Although  the  current  plans  call  for  black  and  white  copies,  color  may  be  feasible  before  the  prototype  system 
s  on-line  in  1985. 


The  repeater  scope  with  the  Test  Conductor  Stations  ont  of  limirs/discrete  display  'provides  cor.inuoos  real  time  flight  condi- 
ion  information.  The  out-of-limits  data  are  displayed  at  the  DAS  to  minimize  the  chance  of  a  critical  out-of-limits  condition 
leing  missed.  With  the  increasing  amount  of  discrete  information  that  needs  to  be  displayed,  the  repeater  scope  eliminates  the 
equireinent  for  other  DAS  displays  to  provide  these  data. 


The  configuration  of  the  Test  Conductor  Station  was  not  finalized  ritil  .  <te  1983  when  it  was  decided  to  make  two  of  the 
5ASs  into  combination  DAS/Test  Conductor  Stations.  This  decision  »  as  based  on  the  strong  desire  of  the  Flight  Test  Depart- 
nent  for  the  Station  to  have  full  capability,  as  specified  in  the  requirements  document,  and  the  desire  to  keep  the  hardware 
osts  within  limits.  In  the  Test  Conductor  Station  configuration  (Fig.  5),  the  analysis  display  will  become  the  out  of  limits/ 
liscrete  displav  and  tf  tim*  history  CRT  will  be  used  to  monitor  the  time  history  display  from  any  DAS  active  on  rite  same 
lata  stream.  The  test  '.ductor  will  also  be  able  to  generate  displays  from  his  own  software  programs.  The  other  equipment 
■/ill  be  used  in  the  same  manner  as  a  DAS.  The  Test  Conductor  Station  will  act  as  the  overall  controller  for  the  data  stream, 
onfiguring  the  AT?  via  communications  over  the  HYPEP.channelTM  anc)  assigning  DASs  as  well  as  controlling  the  data  flow 
vithin  the  stream. 


:»*-0^«3  005B 


Fig.  5  Test  Conductor  Station  Hardware 


After  the  first  preliminary  design  review,  the  initial  hardware  was  ordered  and  the  system  sol 
econd  preliminary  design  review,  the  implementation  plan  was  established  and  was  based  on  a 
:r  portion  of  the  development  schedule.  Fig.  2}  to  provide  early  hands-on  experience.  The  desi| 
983  and  has  resulted  in  several  changes  to  the  baseline  configuration  (See  Fig.  6). 


■ft  ware  structure  defined.'  By  the 
erics  of  prototypes  (see  the  iat- 
I  ja  effct  continued  through 


The  current  NDCS  configuration  utilizes  the  combination  DAS/Test  Conductor  Station  arrant 
new  VAX  cluster^  System  which  centralizes  the  mass  storage  devices  (disk/tape)  and  provi 
onnect  between  them  and  the  Test  Conductor  and  DAS.  These  new  features  have  aiiowed  data 
ile  to  be  moved  from  the  ATP  to  the  DAS  side  of  the  local  area  network.  This  provides  greatef 
ecall  file  for  the  DASs  and  Test  Conductor  Station  and  means  extremely  large  files  can  be  a 
edicated  mass  storage  hardware  at  the  ATP.  The  ATP  can  be  left  essentially  unchanged,  elimifljMing 
nd  software  updates  required  with  the  baseline  configuration. 


Just  as  the  VAX  duster^M  System  has  provided  additional  advantages  to  the  NDCS,  future 
/ill  be  used  wherever  possible  to  improve  the  system.  The  early  hands-on  .experience  which  thil 
/ill  allow  refinements  to  be  made  before  the  NDCS  becomes  fully  operational  in  1986.  All  this 
f  real  time  testing  with  a  Technological  iumnin  canahilitv'  to  meet  the'  demand*  of  the  Attune 


discussed  previously  and 
a  high  speed  computer  inter- 
kelectio.)  and  the  master  recall 
accessibility  to  the  master 
without  isolated 
die  need  for  the  hardware 


ides 


cccBunfated  1 


hardwire  and  software  products 
prototype  approach  provides, 

; will  provide  the  next  generation 
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'Applications  of  a  Laser  True  Airspeed  System  (LATAS)  in  flight  are  described  with 
des  from  trials  with  an  exceptionally  reliable  and  rugged  system  developed  by  the  RAE 
iSRE  and  Installed  on  the  RAE  HS  125  research  aircraft.  The  LATAS  system  13  briefly 
•lbed.  Its  remote  sensing  capability  makes  it  particularly  useful  for  measuring 
ow  conditions  before  they  are  disturbed  by  the  aircraft.  This  Is  demonstrated  with 
ts  from  flight  tests  of  LATAS  as  a  self-contained  pressure  error  measurement  system 
.  combined  with  total  pressure  and  total  temperature  measurements),  and  also  results 
wlndshear  measurements  In  a  severe  thunderstorm  downburst  (microburst).  The  possible 
slon  of  the  system  to  measure  turbulence  by  using  a  conical  scanning-  beam  13 

lbed,  and  several  other  ’  possible  uses  ■ such  as  an  airspeed  sensor  that  can 
iminate  Instantaneously  between  small  amplitude  gusts  and  large  disturbances  for 
ng  an  ’Intelligent*  autothrottle,  or  a  combined  3‘axis  air  data  and  3-axls  ground 
Ity  sensor  for  helicopters. 

INTRODUCTION  \ 

One  of  the  perennial  problems  in  flight  testing  has  been  measurement  of  the 

turbed  airflow  conditions  of  static  pressure,  speed  and  flow  direction,  and 
lence.  All  the  usual  sensors,  such  as  pitot-static  pressure  tubes  and  wind  vanes  and 
more  erotic  variants  (Ref  1)  can  only  measure  air  flow  conditions  at  their  location 
e  aircraft.  This  local  airflow  has  been  disturbed  from  the  free  stream  '•ondltlons  by 
resence  of  the  aircraft  and  special  calibration  flights  have  to  be  made  to  find  the 
lonshlp  between  the  sensor  measurements  and  the  undisturbed  free  stream  conditions 
2).  These  calibrations  are  usually  made  In  steady  state  conditions  and  ‘  require 

polatlon  to  use  In  conditions  where  steady  flight  cannot  be  achieved,  eg  stall,  lift 
arles,  zoom  climb,  flight  in  ground  effect,  etc.  Also  the  frequency  response  of  the 
rbed  airflow  13  unknown  and  causes  uncertainties  in  the  measurement  of ‘ turbulence , 

All  these  problems  could  be  overcome  if  It  was  possible  to  measure  the  air 
tion3  ahead  of  the  aircraft  before  they  are  disturbed  by  Its  presence.  These- 

tlons  are  found  about  10  fuselage  diameters  (or  wing  mean  chords)  ahead  of  the 
aft  at  subsonic  speeds.  (At  supersonic  speeds  a  conventional  short  no3e  probe-  Is 
ate  a3  air  disturbances  cannot  propagate  forward  of  the  main  shock  wave).  Thus  a 
9  that  can  measure  airflow  conditions  some  20-100  m  ahead  of  an  aircraft  would  remove 
eed  for  the  special  calibrations,  provide  true  data  In  unsteady  flight  conditions, 
;ive  uncontaminated  data  on  turbulence-.  A  focussed  CW  laser  doppler  system  with 
il  scanning  will  measure  the-  total  air  velocity  vector  at  these  sort3  of  ra-  ges,.  In 
paper  results  from  flight  tests  with  a  non-scanning  laser  doppler  system  ar.  used  to 
jtrate  the  capabilities  of  these  systems  to  measure  -undisturbed  air  velocities. 

Since  about  1970  the  RAE  have  been  collaborating  with  RSRE  in  the  design  and  testing 
2  CW  laser  doppler  systems  ( sometimes  known  as  laser  radars  or  LIDARS)  for  airspeed 
iements .  The  main  aim  Initially  was  to  establish  the  feasibility'  of  using  these 
ns  to  make  remote  measurements  of  the  wind  co  that  very  large  changes  (wind  3hear) 
be  Identified.  The  first  system  tested  was  ground  based  (Fig  1>  and  housed  In  a 
with  an  accompanying  caravan  to  hold  the  data  processing  equipment,.  The  system  used 
;opes  with  a  primary  reflector  of  3Q  cm  diameter  and  worked  out  to  ranges  of  about  1 
However,  In  common  with  many  similar  systems.  It  required  frequent  attention  to 
iln  the  optical  system  aligned  and  the  laser  tuned  to  the  P20  line  without  any 

'erence  from  nearby  off-axis  modes.  Despite  these  problems  tne  system  could  be  kept 
:d  and  stable  for  a  day  or  two  without  adjustment,  and  Its  effectiveness  In  detecting 
3hear  was  very  good.  This,  led  to  the  development  of  a  compact  and  reliable  system 
.lght  tests  In  the  RAE  HS125  aircraft.'  This  Laser  True  Airspeed  System  (LATAS)  (Refs 
and  5>  ha3  now  been  flying  In  the  RAE  HS125  for  3.5  years  and  this  paper  will 
.be  the  system,  ,  wbich  has  proved  to,  oe  both  rugged  and  reliable.  Th  goal  of  a 
e.terodyne  system  that  can  be  switched  on  like  a  light  bulb  and  requires  no 

;ments  has  at  last  been  achieved. 

Flight-  test  results  have  shown  that  systems  of  this  type  could  be  used  for  many 

, -'ent  tasks  In  avl,it;lon.  This  paper  .describes,  the,  use.  of  the  LATAS,  system*  for 

lining  pressure  errors  (pe).ln  air  . data  systems  and  measuring  turbulence. .  Inr.iudinc- 
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2.1  SYSTEM  DESCRIPTION 

The  various  components  of  the  LATAS  system  are  shown  In  Pig  2.  All  of  these  items 
are  of  JK  manufacture  and,  although  they,  are  for  an  experimental  system,  they  have  been 
put  through  many  of  the  vibration  and  temperature  testa  required  for  production 
equipments.  Most  of  the  items  were  very . advanced  wnen  specified  back  In  1973  but  are  now 
readily  available.  The  three  most  Important  items  are  the. Optics  Head',  Surface  Acoustic 
■Wave  (SAW)  Spectrum  Analyser  and  the  Video  Integrator. 

The  Optics  Head  was  designed  and  built  at  RSPE.  It3  general  layout  13  3ho*n  In  Pig 
3.  The  main  beam  from  the  .  3  watt  Perranti  Wave  Guide  Laser  13  transmitted  through  a 
Germanium  plate  set  at  the  Brewster  angle  and  then  focussed  at  a  given  distance  u3ing  a 
remotely  adjustable  expanding  . Ien3 .  The  returning  signal  Is  received  through  the  sane 
lenses  and  after  a  change  of  polarisation  it  is  reflected  off  the  Germanium  plate..  This 
signal  js  then  mixed  with  a  small  proportion  of  the  main  beam  and  focussed  onto  the 
Muilard  CMT  detector.  the  detector  has  a  frequency  response  better  than  ICO  MHz  and  is 
cooled  to  -196*  K  U3lng  high  pressure  pure  air  or  "white  spot'  nitrogen. 

The  coaxiau  raonostatic  3y3tem,  with  the  same  optics  for  transmitter  and  receiver,  is 
particularly  convenient  and  also  tends  to  minimise  effects  of  beam  distortion  when 
propagating  through  an  Inhomogeneous  atmosphere.'  Detailed  studies  have  been  made  of  the 
optimum  choice  of  system  parameters,  and  also  of  theoretical  and  experimental  signal  to 
noi3e  ratio  with  calibrated  standard  targets  (Ref  7).  These  show  that  within  experimental 
error  the  equipment  perform-  it  the  ideal  quantum  limit, ed  level  with  no  unaccountable 
losses.  The  beam  waist,  f r:m  which  the  strongest  return  signals  are  received  can  be  set 
at  distances  up  to  nearly. 300  m  ahead  of  the  output  lens,  which  is  only  15  cm  in  diameter. 
The  dc  current  level  f roa  ■  the  detector  is  directly  related  to  the  power  in  the  local 
oscillator  beam  and  provides  a  convenient  measure  of  the  main  laser  power.  The  dc  current 
is  also  used  in  ah  electronic  locking  loop  to  maintain  the  laser  automatically  on  the 
?(20)  transition  by  inserting  a  very  narrow  band  optical  filter,  -uich  transmits  the  P(20) 
line,  in  the  local  oscillator,  path. 

The  Optics  Head  (Pig  4),  is  shown  here  installed  in  the  nose’ of  the  HS125,  where  the 
infra-red  beam  is  transmitted  through  a  20  cm  diameter  Germanium  window  (Pig  5)  with  a 
special  diamond-like  surface  coating  to  withstand  abrasion  and  insect  and  raindrop  impact. 
The  Optics  Head  also  includes  the  HT  power  supplies  for  the  laser  and  the  complete  unit  ia 
only  68  x  32  x  29  cm.  Cool.ng  is  rrc.i  a  simple  radiator  and  fan  assembly  and  is  used, 
together  with  a  100  W  heater  mat,  to  maintain  the  laser  between  about  25*  and  45*  C.  This 
has  proved  adequate  for  ambient  temperatures  fro.J  -60*  to  }5*  C. 

The  output  from  the  detector  travels  about  12  m  back  to  the  MESL  (Racal-Decca)  SAW 
Spectrum  Analyser  in  the  cabin  of  the  HS  125.  A  sample  of  25  rale  oseeonds  Is  taken  by  the 
SAW  and  transformed  within  a  further  35  microseconds  into  ie  frequency  plane  and 
transmitted  to  the  Video  Integrator.  The  SAW  has  a  total  bandwidth  of.  25  MHz  and  with 
four  switchable  offsets  can  cover  fhe  frequency  rang"  up  to  62.5  MHz,  1  MHZ  is  equivalent 
to  Just  over  10  kt  so  this  give*  a  true  airspeed  rarvte  of  up  to  635  kt,  with  an  ample  50* 
overlap  between  each  of  the  four  bands.  • 

In  the  Video  Integrator,  which  was  made  by  Cambridge  Consultants  Ltd  (CCL),  the 
transformed  signal  from  the  SAW  ,1s  converted  into  a  frequency  spectrum  with  834  channels 
that  are  each  30  kHz  wide.  To  lmt  -  /e  the  signal  to  noise  ratio  for  low  signals  the 
Integrator  will  then  accumulate  a  succession  of  SAW  samplesl  The  numb->*  of  Integrations 
may  be  set  between  1  anil  16000  -  *he  airborne  system.  With  100  Integrations  for  s  single 
sample  the  overall  sample  rate  ,  "■  be  about'  160  per  second. 

In  the  aircraft  system,  the  spectrum  from  the  Integrator  is  then  processed  In 
another  CCL  unit  t.o  measure  the  main  features  of  the  velocity  signature.  This  summary  of 
the  total  spectrum  and  many  other  items  describing  the  conf lguratlon  of  the  laser  system 
are  -  then  transferred  to  displays  ard  the  recording  '  system.  The  fora  of  the  signal 
obtained  from  the  system  at  various  Stages  Is  shown  in  Fig  6.  The  strongest  signal  comes 
from  the  region  where  the  Illumination  Is. greatest  and  thus  the  velocity ' of  the  peak  of 
the  frequency  spectrum  Is  usually  that  of  the  air  at  the  beam  waist.  The  maximum  and 
minimum  frequencies  of  the  spectrum  correspond  to  the  highest  and  lowest  velocities  within 
the  range  where  signals  are  detectable.  In  the  LATAS  system  these  are  measured  by  ■  the 
spectrum  width  and  average  ( 'cent rold.' )  velocity  at  an,  adjustable  le^el  below  the  peak. 
All  these  measurements  together  with  the  height  of  the  spectrum  are  made  in  real  time  on 
the  aircraft.  These  numbers  and  tne  complete  spectrum  are  displayed  In  the  cabin  and 
recorded  on  the  Plessey  PV  151?  digital  recording  system  for  further  analysis.  Pig  7 
shows  a  typical  velocity  spectrum  recorded  In  calm  air  at  a  height  of  13310, ft.  The 
spectrum  is  clear  and  unambiguous.  This  remains  true  even ■ for  small  signal  levels  and 
maker  the  Identification  of  the  loss  of  signal  very  straightforward. 

Doppler  signals  from  the  LATAS  system  are  unaffected  by  heavy, rain  ,  >r  dense  cloud 
or  fog  unless  visibility  drops  to  less  than  about  50  m  (Ref  6).  If  the  particles  in  the 
air  are  sub-micron  size  then  the  Infra-red  beam  sufTers  little  attenuation  when  compared 
with  Visible  radiation.  Thus  Infra-red  beams'  are  unaffected  by  smokes  and  hazes  even 
though' visibility  s'"  optical  wavelengths ■ may  (je  reduced. 


2.2  RELIABILITY 


A  principle  aim  of  the  RAE/RSRE  research  has.  been  to  demonstrate  that,  the  LATA3 
system  is  both  effective  and  reliable  as  a  means  for  measuring  air  velocities-  Normally 
one  would  anticipate  that  a  'one  off  experimental  system  such  as  this  «*cu.Li  be  less 
reliable  and  require  more  frequent  adjustment  than  an  eventual  production  version.  It  was 
therefore  a  very  pleasant  surprise  to  find  that: 

a.  '  the  system  has  only  needed  adjustment  after  removing  the  laser,  which  has  been 

a  rare  event. 

b.  the  20  cm  Termanlum  window  In  the  nose  of  the  aircraft.  Pig  8,  shows  no  sign  of 

any  damage .  to  Its  dlamond-llite  coating  after  3*5  years  of  flying,  whien  Included 

flights  through  soft  hall. 

After  a  few  months  of  initial  teething  troubles  the  system  has  only  suffered  four 
failures  in  3-5  years.  Two  of  these  Involved  the  laser  and  two' were  failures  of  power 
supplle.  to  the  signal  processing  equipment.  The  present ■ laser  has  been  operating  for  '22 
months  with  only  one  removal  for  adjustment  after  18  months. 

One  subjective  measure  of  the  reliability  of  the  system  Is  that  it  has  been 
demonstrated  in  fllg.it  on  17  occasions  to  outside  parties  without  a  failure.  Theauthors 
believe  that  a  reliable  production  version  of  the  LATAS  system  can  be  made  now  using 
current  technology  and  available  'JK  equipment. 

2.3  SAFETY 

The  Infra-red  ('10.6  micron  wavelength)  radiation  from  the  LATAS'  system.  Is  not  able 
to  enter  the  eye  and  thus  cannot  damage  the  retina.  The  radiation  levels  at  the  focus  of 
the  beam  are  high,  but,  because  of  the  small  beam  diameter,  only  a  smalt  crossing  velocity 
of  about  1  m/s  Is  needed  to  reduce  the  radiation  level  telow  the  minimum  standard  for 
human  exposure.  Thus  in  flight  the  LATAS  system  Is  totally  safe  and  there  are  no 
operating  restrictions.  When  both  aircraft  and  target  are  stationery  on  the  ground  then 
suitable  safety  precautions  must  be  taken. 

3.  PRESSURE  ERROR  MEASUREMENTS 

The  LATAS  system  measures  airspeed  ahead  of  the  aircraft,  where  1C,  is  not  affected 
by  the  airflow  around  the  fuselage  and  wings.  With  the  usual  air  pressure  sensors  (pitot 
and  static  pressure)  It  Is  reasonably  easy  to  measure  the  freestream  pitot  (stagnation) 
pressure,  but  the  static  pressure  measured  at  the  aircraft  1*  usually  different  from  the 
freestreau  static  pressure.  Static  pressure  (Pig  1R)  for  a  given  aircraft  conf Iguratlon 
is  a  function  of  freestream  speed,  pressure,  temperature  and  direction.  By  very  careful 
choice  the  static  pressure  ports  can  be  located  where  the  difference  fro*  freestream 
pressure  Is  small,  particularly  at  normal  cruise  and  landing  conditions-  However,  all 
height  standards  Tor  safe  separation  from  the  ground  and  other  aircraft  depwndt  on  static 
pressure  measurement.! ,  which  are  converted  Into  a  pressure  height.  To  ensure  that  all 
aircraft  display  the  same  height  scale,  they  have  to  be  calibrated  to  measure  t* *  pressure 
error  (pe)  of  each  model  of  an  aircraft  throughout  Its  full  height  and  speed  range. 

The  present  methods  of  calibration  (Ref  1)  rely  on  comparison  with  a  reference 
pressure  measured  by  a  calibrated  aircraft  which  uses  photography  to  establish  any  height 
dlffererices  (or  similar  flights  past  ground,  based  tracking  towers),  or  comparison  with 
measurements  from  a  towed  static  sensor  (Trailing  Static),  which  Is  on  a  long  enough  tow 
to  be  outside  the  Influence  of  the  aircraft.  This  latter  method  requires  a  major 
Installation  on  the  test  aircraft. 

The  Tower  Fly-By  at  low  altitude  is  sat  Isf'actory  and  convenient,  but  can  only  cover 
a  very  limited  part  of  the  flight  envelope.  Flights  with  a  calibrated  atreraft  are  costly 
and ' difficult  (eg  the  range  of  speeds  or  the  two  aircraft  will  rarely  b*  the  same). 

With,  the  LATAS  measuring  the  undisturbed  freestream  speed  and  the  ability  to  measure 
the  true  stagnetlon  pressure  at  the  aircraft,  only  a  measure  of  freestream  temperature  la 
required  to  derive  the  freestream  static  pressure.  Like  stagnation  pressure  the 
freestream  stagnation  teeoerature  la  also  reasonably  easy  to  swasure  on  an  aircraft.' 

Relationships  between  the  free  stream  airflow  parameter  of  Mach  number  W,  Calibrated 
Airspeed,  V  ,  Static  Temperature,  T  ,  and  Static  Pressure,  p.  can  be  derived  directly  from 
the  measurements  of  free  stream  True  Airspeed,  Vt  by  LATAS  and  the  measurements  at  the 
aircraft  of  free  stream  stagnation  (pitot)  pressure  p,,  and  absolute  stagnation  (total) 
temperature,  T^.  At  subsonic  speeds  the  relationships  Ire: 
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where  aT,,  »  speed  of  sound  as  ISA  standard  sea  level 
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s  «  angle  between  laser  line  of  sight  and  the  flight  path  ■. 

?tSJ  *  absolute  static  temperature  at  ISA  standard  sea  level 
It  can  be  noted  that 

(  1-0.2  m2'-1  -  (10.2  N2)  ' 

and  thus  eqns  '?),  (3)  and  '  4 )  are  easily  recognisable  as  standard  flow  equations. 

?rom  these  equations  the  sensitivity  of  the,  derived  free  stream  conditions  to 
measurement  errors  can  be  calculated.  It  should  be  noted  that  the  ’a*  terms  only  apply  to 

a  fixed  laser.  If  a  conical  scanning  system  is  used  then  *a’  can  be  eliminated,  but 

errors  in  scanning  angle  must  be  considered. 

Sensitivity  of  derived  free  stream  static  pressure  to  errors  in  all  measured 

quantities  is.  highest  at  high  speeds  at  sea  level  and  decreases  with  Increasing  height. 

With  standard  deviation  In  measurements  of 

V  0.1  'Kt 

7.  0.2  deg  K 

p^  0.3  mb 


a  0.2  deg  at  o  •  5  deg 

then  the  standard  deviation  of  derived  quantities  will  be: 
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To  establish  the  capablllttp*  of  s  laser  doppler  system  for  measuring  free  stream 
conditions  and  direct  measurement  of  pe  the  l.ATAS  system  on  the  RAE  MS  125  is  being  used 
f  jf  l  series  of  tests.  These  *ire; 

,  a,  Tower  Ely-by.  Comparison  of  free  stream  static  . pressure  conditions  from 

l.ATAS  measurements  with  those  derived  from  k lnetheodol i te  height  measurements  and 
ground  reference  pressure. 

b.  High  altitude  flights  with  UK  pe  standard ■ aircraft.  As  (a),  but  at  high 

,  altitude. 


c.  Measurements  of  the  pe  of  the  HS  125  over  ..  variety  of  flight  conditions  to 
check  flight  to  flight,  repeatability. 

At  the  time  of  writing  the  first  ,of  these  has  been  successfully  completed;  the  last 
Is  underway  and  the  middle  Item  Is  due  to  start  shortly.  In  addition,  the  KS  125  has  flown 
in  close  formation  with  a  recent  European  airliner  to  check  Its  pe,  and  also  with  the  Ft AE 
BAT  1-11  civil  avionics  research  aircraft  to  check  Its  true  airspeed  calibration,  which  Is 
used  for  its  advanced  navigation  systems. 

Results  from  the  Tower  Ply-by,  Pig  10,  show  a  random  scatter  of  data  with  no 
relation  to  aircraft  flight  conditions.  The  mean  difference  In  pressure  height  derived 
from  the  LATAS  and  that  from  the  w  -theodol  lte  measurements.  Is  -1.4  ft  and  the  standard 
deviations  of  this  difference  is  9.o  ft.  Thus,  as  predicted  the  combination  of  LATAS, 
total  pressure  and  total  temperature  provides  a  good  quality  source  of  free  stream  static 
pressure. 

Time  histories  of  a  steady  .light  condition.  Pig  11,  show  the  measured  and.  derived 
conditions.  Points  to  note  are: 

a.  fluctuations  In  LATAS  airspeed  are  also  present  in  total  pressure  after  a  lag 
due  to  the  dl3tar.ce  of  the  LATAS  measuring  point  ahead  of  the  aircraft  and  the 
pneumatic  system  lag  In  the  aircraft  pitot  system.  . 

b.  derived  free  stream  static  pressure  differs  from  the  static  pressure  source 
on  the  aircraft  by  a  constant  amount.  ■ 

,  If  turbulence  is  present  then  the  lags  in  the  pitot  system  are  more  obvious,  and, 
the  derived  free  stream  static  pressure  has  increased  scatter.  Pig  12. 

At  first  sight  one  would  expect  to  be  able  to  reduce  this  scatter  by  correcting  the 
total  pressure  for  lag  and  the  LATAS  true  airspeed  for  Its  lead.  However,  In:  practice.  In 
addition  to  the  noise  Introduced  by  the  differentiation  required  for  the  correction,  there 
will  be  some  remaining  scatter  because  the  turbulence  changes  with  time  between  being  seen 
by  the  LATAS  and  reaching  the  aircraft.  Also  the  LATAS  Is  not  usually  looking  along  the 
■flight  path  and  will  not  see  exactly  the  same  turbulence  on  the  aircraft.  Thus  It  Is 
desirable  to  avoid  turbulence  If  possible  as  with  all  other  methods  of  measuring  pe. 

An  example  of  the  HS  125  pe  at  20000  ft  altitude  derived  directly  from  the  on-board 
LATAS  system  is  shown  In  Pig  13.  This  shows  data  from  several  flights  in  pressure 
coefficient  form  (eqns  (7)  and  (31)  as  a  function  of  Incidence  angle,  and  also  as  height 
error  against  Incidence  angle.  A  height  change  of.  15  ft  at  20000'  ft  altltcde  Is 
equivalent  to  a  pressure  difference  of  .  .3  mo  and  this  Is  about  the  largest  difference  or 
Individual  points  from  a  mean  Line.  Hie  cc-alstency  is  much  better  than  the  earlier  data 
of  Ref  5  (Pig  16),  although  the  distinctive  hump  at  about  1J  deg  incidence  la  present. In 
all  the  data.  The  earlier  data  cf  '>-;f  6  was'  subsequently  found  to  have  been  affected  by  a 
fault  with  t.he  stabilized  supply  to  the  temperature  sensor, . which  Jumped  between  t«u  fixed 
levels  in  an  unpredictable  manner.  The  very  low  level  of  scatter  Is  remarkably  good  for 
pe  measurement*  by  any  method. 

A  system  such  as  LATAS  could  be  Installed  as,  say,  a  temporary  replacement  for  the 
weather  radar  and  would  give  complete  freedom  to  establl&h  pe’a  throughout  the  full  range 
of  configurations  and  flight  envelopes.' 

The  preliminary  results  with  LATAS  are  very  promising.  One  area  where  the.  LATAS 
system  could  be  particularly  useful  Is  In  determining  true  stall  speeds  and  establishing 
the  minimum  safe  approach  speeds  for  new  aircraft.  It  Is  essential  to  maintain  a  safe 
speed  margin  on the  approach,  but  It  Is  very  disadvantageous  to  have  approach  speeds 
higher  than  neceaaany  because  of  the  Increased  landing  distance  and  tyre  wear'.' 

4.  WIND  SHEAR  AMD  TURPULKNCE  MEASUREMENTS  ’ 

4.1  THUNDERSTORM  WIND  SHEAR 

Initial  Interest  1'  the  LATAS  system  was  in  It*  potential  to  meet  the  need  for  a 
sensor  to.  measure  large  changes  of  wind  before  an  aircraft  encounters  them.  Action  can 
then  be  taken  to  alleviate  the  dangers  of  these  wind  shears.  At  present  wind  shear  Is 
responsible  Ter  the  loss  of  about  2  airliners  each  year.  The  most  recent  was.  In 
thunderstorm  conditions  In  July  1982  at  New  Orleans  and  killed  -163  people  (all  145  people 
In  the  aircraft  and  8  on  the  ground),  and  seriously  Injured  9  people  on  the  ground  (Ref 
8).  The  aircraft  bad  Just  taken  off  and  crashed  Into  a  residential  area  3/4  n»  from  the 
airport.  At  the  time  of  this  tragic  accident  the  RAE  HS125  was  near  Denver,  Colorado 
Investigating  the  nature  of  the  severe  wind  shears  which  are  assoc  ,  “ed  with 
thunderstorms.  The  aircraft  with  Its  LATAS  system  was  taking  part  In  the  Joint  Airport 
W«ather  Studies  •  (JAWS)  Project  which  was  sponsored  by  the  US  National  Centei  'or 
Atmospheric  Research  (NCAR),  the  University  of  Chicago  and  the  US  Pederal  Aviation 
Administration  PAA) .  The  project  has  amassed  a  wide  range  of  data  on  thunderstorm  and 
other  severe  weather  events  from  a  comprehensive  set  of  ground  baaed  senaora.  Including 
■laser  and  dopplnr  radars,  and  aircraft  from  the  National  Oceanic  and ■ Atmospheric  Agency 
( NoAA ) ,  NCAR,  the  National  Aeronautic*  and  Space  Adlnlnlstrdtlon  (VASA),'  University  of 
Wyoming  end  the' RAE. 

Among  the  eany • events  recorded  by  the  RAE  HS125  were  several  severe  downbursta  such' 
as  that  shown  In  Pig  14.  This  Is  the  type  of.  wind  shear  that  ts  believed  to  have  caused 


Among  the  many  “vents  recorded  by  the  HAS  HS125  were  several  severe  downbursts  such 
[ 3  that  shown  In  Fl£  14.  This  Is  the  type  of  wind  shear  that  Is  believed  to  have  caused 
:he  hew  Orleans,  and  several  earlier  accidents.  The  main  features  are  the  very  large 
nearly  90  <t!  and  rapid  changes  of  headwind  and  the  strong  downdraught  of  about  1200 
'i/ml  n.  The  downdraught  Is  '  shown  In  Pig  14  oy  the  3  deg  Increase  In  the  average  pitch 
tltltude  used  to  maintain  height.  If  the  HS125  had  been  flying  at  the  much  lower  speeds 
ised  for  landing  and  take-off  then  this  wind  shear  would  have  resulted  in  a  large  loss  of 
•eight.  Pig  IS  shows  a  model,  of  the  flow  in  a  microburst  developed  from  a  vortex  ring 
lodel  suggested  by  Caracena  at  a  Wind  Shear  Worxshop  at  the  University  of  Tennessee  Space 
Institute,  -JSA  In  October  1982.  This  model  Is  able  to  explain  several  features  that  were 
>bserved  from  the  HS125  during  the  JAWS  fllc.hts,  such  as  dust  curtains  rising  to  over. 1000' 
*?  around  the  perimeter  of  several  microbursts.  This  could  not  be  explained  by  the  more 
isual  vertical  jet  model  which  would  produce  dust  blowing  radially  from  the  centre  of  the 
llcroburst  with  very  little  tendency  to  rise.  The  vortex  ring  model  also  produces  Intense 
lowr.flows  near  the  ground  and,  by  Weeping  the  energy  of  the  flow  contained,  it  requires 
.ess  total  energy  to  produce  large  velocities  than  the  Jet  model.  It  al30  explains  the 
ima'lec  peaks  in  horizontal  velocity  observed  'Pig  IS)  at  the  beginning  and  end  of  the 
llcroburst  at  38  and  58  seconds.  This  suggests  that  the  HS125  penetrated  the  microburst 
just  below  the  upper  vortex  ring.  ,  The  aircraft  was  at  a  safe  height  of  about  1000  ft 
ibove  the  ground.  Pig  16  shows  the  LATAS  system  measuring  the  same  wind  shtar  Just  over  2 
iec  before  it  reaches  the  aircraft,  which  Is  equivalent  to  250  m  distance.  The  width  of 
:he  spectrum  peak  is  also  Interesting  as  It  clearly  differentiates  between  small  scale 
lurbulehce  and  significant  wind  shear.  This  point  Is  seen  more  clearly  In  Pig  17  which 
ihows  a  sequence  of  signal  spectra  from  the  same  time  history.  9y  following  the  sequence 
.t  Is  possible  to  see  each  changing  wind  entering  and  leaving  the  tube  Illuminated  by  the 
.aser.  This  tube  reaches  out  to  about  cp 0-900  m  ahead  of  the  aircraft. 

The  LATAS  sensor  has  two  unique  advantages  over  other  airborne  sensors: 

a.  It  can  measure  wind  at  a  known  distance  ahead  of  the  aircraft,  and 

b.  It  can  measure  the  change  of  wind  over  distances  up  to  nearly  three  times  Its 

measuring  distance. 

The  range  Vo  the  beam  waist  of  only  ?50  m  may  seem  quite  short.  It  corresponds  to 
ibout  8  sec  lead  at  typical  Jet  transport  landing  speeds.  However,  the  aim  Is  to  provide 
i‘  system  which  will  enable  safe  penetration  of  wind  shear.  If  the  wind  Is  measured  too 
hr  ahead  of  the  aircraft,  then  any  wind  shear  can  change  with  time  or  may  move  sideways 
■eiatlve  to  the  aircraft.  Thus  there  will  be  only  a  limited  band  of  distances  which  will 
jive  adequate  lead  without  giving  a  significant  amount  of  false  data.  To  help  Identify  a 
tritable  distance  a  laser  sensor  was  simulated  during . utudles  of  wind  shear  effects  on 
iircraTt.  The  results  showed.  Pig  18,  that  there  was  a  significant  advantage  In 
:ontrolllng  the  aircraft  using  tne  3lrspeed  measured  by  a  laser  at  300  m  ahead,  but  that 
.ncreas.lng ' that  distance  to  600  m  produced  no  further  Improvements.  On  the  basis  or  these 
ests  the  maximum  range  to  the  beam  waist  was  specified  as  300.  m  for  the  LATAS  system. 

The  ability  of  the  laser  to  Identify  the  maximum  difference  In-  wind  speed  over  a 
ilstance  of  about  300  m  gives  It  a  unique  ability  to  separate  wind  shear  from  turbulence 
lefore  the  disturbance  reaches  the  aircraft.  This  Is  a  capability  that  autothrottle 
les'.gners  have  been  seeking  for  soit*  time.  The  main  problem  Is  that  the  only  speed  signal 
available  on  all  aircraft  Is  airspeed  and  control  of  ’  this  Is  essentl'al  Tor  large  wind 
•arlatlons.  But  It  Is  not  possible  to  differentiate  between  large  changes  and  small 
:hanges  until  after  they  have  happened  at  the  sensor.  TTils  means  that  autothrottle 
■  ystems  may  on  the  one  hand  be  sensitive'  to  all  airspeed  changes,  resulting  In  the 
liscomfort  and  wear  and  tear  associated  with  the  throttles  chasing  the  smallest  changes, 
>r  alternatively  the  system  only  responds  to  large  changes,  making  It'  sluggish.  Some 
Improvement  can  be  obtained  by  using  accelerometers  to  maintain  a  ground  speed  until 
ilrrpeed  change's  exceed  certain  limits.  However,  these  systems  still  require  the  airspeed 
>f  the  aircraft  Itself  to  change  significantly  before  they  respond.  The  LATAS  system  can 
dentlfy  a  large  shear  well  ahead  of  the  alrcr.aft  and  even  before  it  reaches  the  beam 
talst.  This  means  that  throttle  activity  can  be  restricted  to  the  conditions  where  It  Is 
••ally  seeded  without  Introducing  aldltlonal  lag.  A  laser  system  tout  provides  the 
•  Igr.als  for  an  intelligent  autothrottle,  which  will  he  resoonalve  without  unneccepary 
•ng1 ne  activity. 

The  wind  shear  research  programme  at  8AK  Bedford  Is  now  considering  various  ways,  in 
ihlch  the  signals  from  the  LATAS  '.and  several  more  conventional  sensors)  can  be  presented 
o  the  pilot  and  automatic  control  systems  and  allow  safe  operations  In  the  presence  of 
eveie  wind  shear. 

i.2.  TJRBUI.RNCR 

As  mentioned  In  the  1 nt roduct ton ,  It  Is  difficult  to  correct  for  the  disturbances 
rom  an  alrcraTt  when  measuring  airflow.  This  Is  particularly  true’ for  turbulence  as  all 
orrecttons  are  derived  from  steady  flight  conditions  and,  although  It  Is  known  that 
.Irflow  ilsturban-es  are  also  time  dependent,  there  Is  no  way  of  applying  corrections  for 
his.  A  LATAS  type  of  system  with  conical  scanning  would  seem  to  overcome  these  problems 
nd  provide  a  direct  measurement  of  true  airspeed.  If  the  cone  seirtt-angle  la  P,  then  the 
,ir  velocity  along  Its  axis,  V„ ,  and  perpendicular  to  the  axis,  VT ,  are,  obtained  as: 


V  »  fV  *  V,  ,  '/2coaP 

*  '  g  g+* )  • 

V  -  ~  V'J*.\!/?alr‘p 

zg  1  S  ig+*!' 

where  'g'  is  the  cone  rotation  angle  for  which  V  la  a  maximum. 


"hese  valuea  will  be  averages  for  -.he  period  of  the  conical  traverse.  With  a  matched  cone 
iacieter  and  distance  travelled  m  a.  single  cor.lcal  trav-’-ce  then  a  minimum  wavelength  Is 
eflned.  ?or  example  at  300  kt  (1,50  m/s /  true  airspeed  a  minimum  wavelength  of  15  m  could 
e  obtained  with  a  15  degree  cone  semi-angle  at  a  range1  of  30  m  with  a  0.]s  conical 
reverse  time.  There  would  be  little  difficulty  achieving  these  rates  and  angles  with  a 
canning  version  of  LATAS  and  Indeed,  with  only  a  relatively  short  range  requirement,  the 
lameter  of  the  main  lens  could  be  significantly  reduced. 


It  Is  interesting  to  note  that  a  LATAS  system  always  shows  air  velocity  components 
elation  to  the  optics  head.  Thus,  If  velocity  and  attitude  reference  systems  are  close 
o  the  optics  head,  there  will  be  negligible  effects  frem  angular  rates.  In  contrast,  it 
s  rarely  possible  to  get  Incidence  (and  sideslip)  sensors  close  to  the  reference  systems 
ecause  they  are  usually  mounted  on  lo.tg  nose  booms  to  reduce  aircraft  interference 
ffects  and  good  reference  systems  are  usually  too  bulky  to  locate  on  the  boom.  ‘There 
ystems  need  significant  corrections  for  angular  rates  and  any  structural  flexing  of  the 
oom. 


The  LATAS  signals  are  not  affected  by  heavy  precipitation  (Ref  6)  and,  with  arrange 
et  at  30  m,  it  would  not  be  affected  by  dense  clouds  until  visibility  fell  below  about 
0-20  m.  Some  simple  antl-lclng  on  the  aircraft  windows  would  give  the  system  an 
xcellent  all  weather  capability. 

FUTURE  APPLICATIONS 


The  remarkable  reliability  and  ruggedness  of  the  experimental  LATAS  system  has 
eaonstrated  that  commercial  'fit  and'  forget*  CW  Doppler  Laser  systems  are  a  practical 
roposltlon  with  the  present  atace  of  the  art.  As  mentioned  earlier,  the  LATAS  has  never 
eeded  any  adjustment  or  special  treatment  during  over  3  years  of  flight  trials'  (except 
or  tne  rare  occasion's  when  the  laser  was  changed). 

Pour  possible  applications  for  such  systems  have  already  been  discussed,  viz: 

a.  pressure  error  measurement  without  any  external  Influence  on  the  airflow  and 
Including  measurements • during  manoeuvres  such  as  the  approach  to  the  stall, 

b.  wind  shear  detection  at  dlstancea  of  several  hundred  meters  ahead  of  an 
aircraft  to  give  time  to  counterbalance  the  response  lags  of  the  aircraft  a,nd  Its 
engines, 

c.  Intelligent  autothrottle  speed  sensor  using  the  ability  of  the  laser  ,to 
differentiate  between  turbulence  and  wind  shear  at  the  same  time  as  It  measures 
airspeed, 

d.  all  weather  turbulence  measurements,  at  wavelengths  of  15  m  or  greater,  without 
interference  from  the  trials  aircraft. 

Three  other  possible  applications  also  spring  to  mind  and  there  will  doubtless  be 
any  others.  , 

Plrst  the  LATAS  system  can  be  uaed  In  the  conical  scan  mode,'  as  used  for  turbulence 
eaaureraent,  to  identify  the  the  crossflow  air  velocities  in  addition  to  the  axial  riow 
or  normal,  air  data  purposes.  The  frequency  response  will  be  lower  than  a  fixed  laser 
jt  still  adequate  for  most  applications. 

Second  the  beam  scanning  could  be  arranged  to  scan  the  ground  and  the  wheels  during 
andlng  (Pig  19)  and  the  signals  could  be  uaed  to  epln  the  wheels  to  give  zero  slip  at 
ouchdown  and  thu.-  considerably  reduce  tyre  wear.  The  laser  system  can  give  very  precise 
peed  Information  with  a  good  frequency  response  and  thus  has  the  potential  for  matching 
/re  an!  groundspeeds  to  a  fraction  of  a  knot. 

Third,  a  syste.i  could  be  used  to  provide  helicopters  with  a  complete  air  data  and 
■tree  axis  ground  ve’ocltles  (Pig  20).  The  air  data  Is  measured  ahead  of  the  rotor 
pwnwash,  which  la  difficult  to  take  Into  account  using  air  data  sensors  on  the  fuselage, 
is  horizontal  ground  velocities  and  climb  rate  can  be  measured  using  a  vertical  axle 
mica),  scan.  These  velocities  can  be  used  to  establish  a  steady  hover  by  maintaining 
»ro  velocity.  The  usual  problems  of  Identifying  zero  velocity  with  a  Doppler  system  can 
!»■  overcome  with  a  laser. 

Purther  developments  of  frequency  modulated  and  puls’d  Doppler  CO-  lasers  will  lead 
>  systems  which  can  measure  range  to  solid  objects  as  well  as  velocity-  components.  Also 
:  Is  reasonable  to  expect  that  the  need  Tor  high  pressure  or  liquid  gas  for  cooling 
jtectora  will  become  a  thing  or  the  past  with  developments  In  thermo-electric  cooling. 

In  conclusion,  It  Is  relevant  to  remember  that  moat  of  the  more  sophisticated 
leme’ta  are  common  to  the  systems  needed  for  all  the. task's  mentioned  In  this  paper.  Only 


e  scanning  system  with  its  aemodulator  and  the  final  processing  of  the  Doppler  Spectra 
e  specific  to  individual  applications. 
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*ne  ^ -pruned  Wind  And  Vertex  Experimental  Ran^e  (CWAVEi*) 
vnov-  ,  in  one  mode  of  operation  the  outgoing  laser  beam  was 
•hed  between  the  four  telescopes  in  which  the  range  and  elevation 
1  be  rapidly  altered. 
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1  Hlnc<  diagram  of  the  laser  Tr> 
priri.  ip.il  equipment  ■  parameters  are 
n  .1  n  a  f  a  •  t  j  r  e  r  a  . 


ie  Airspeed  System  U.AT.VS1. 
s‘i own  and'  also  (in  brackets) 


Fig.  5  The  HS125  aircraft  shewing  the  nose  cone  and  20  cm  diameter 
germanium  window.  See  also  ,fig.  8. 


Fig.  6  Parameters  of  a  focussed  CW  laser  anemometer  showing 
schematically  the  laser  beam,  the  illumination,,  and  Doppler  spectrum. 


LATAS  Doppler  Spectrum. 

Clear  and  Calm  Air  at  13310ft  pressure  height  ' 


175012 

rnl» 

2 

>IU» 

3112. 

■LOB. 

AM0/3.0B/6 


TPS  IKTS) 


Fig.  7  LATAS  Doppler  spectrum  in  clear  and  calm  air  at  13310  ft 
pressure  height.  Note  the  narrow  Doppler  signal  with  peak 
corresponding  to  a  true  airspeed  of  246.8  knots. 
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Fig.  8  The  nose  cone  of 
the  HS125  aircraft  showing 
the  germanium  window  and 
diamond-like  hard  coating 
(supplied  by  Barr  and  Stround) 
after  two  years  of  flying. 

The  nose  cone  shows 
considerable  surface  abrasion 
after  about  30  flights  since  , 
repainting.  ' 
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p  '  p0,  (p-pQ)  =  f  (po,  VT,  Tq,  flow  direction,  aircraft  shape! 


CALIBRATION  OF  (p-p0) 

Present  Method :  Compare  pressures  after  correcting  for  A  h 


A  h,  and  if  A  h  is  large,  T  »  f  (H) 


Ref.  p.T  O— 
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LATAS  Method:  p„  =  p,  {  1  -  (VT/87.13)2/T,  ^  3-5 
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Fig.  9  Calibration  of  pressure  error  (p-p);  comparison 
of  present  method  and  LATAS  method. 
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Fig.  10  Comparison  of  LATAS  and  kinetheodolite  pressure  height. 
•Tower  fly-by"  tests. 
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NAVSTAR  GPS  APPLICATIONS  TO  TEST  AND  TRAINING 


Kingston  A.  George  and  John  B.  McConnell 
Air  Force  Western  Space  and  Missile  Center  (XRQ) 

Vandenberg  Air  Force  Base,  California  93437 

AD-P004  117 

'This  paper  summarizes  a  f i fteen-nonth  '  study  on  the  uses  of  the  NAVSTA R  Global 
Positioning  System  (GPS)  at  the  National  Ranges  operated  by  the  United  States  Army,  Navy, 
and  Air  Force  for  weapon  system  development,  test,  and  training.-  It  was  conducted  by  a 
special  triservice  committee  chartered  by  the  Office  of  the  Undersecretary  of  Defense  for 
Research  and  Engineering.  -The  primary  objectives  were  to  evaluate  GPS  application  areas, 
identify  and  analyze  technical  issues,  and  recommend  cost-  and  mission-effective 
applications. 

The  study  found  that  .GPS  technology  will  have  a  wide  variety  of  use  at  the  ranges 
with  significant  cost  advantages  and  that  the  technical  issues,  some  of  which  are  quite 
challenging,  do  not  pose  serious  obstacles  to  widespread  employment.  It  will  be 
necessary  to  design  and  develop  a  new  family  of  GPS  receiver  hardware  for  range  uses 
since  the  current  generation  of  receivers  does  not  satisfy  the  accuracy,  data  rate  and 
continuity,  and  size  demands  of  the  typical  range  environment.  The  study  provided  the 
famny  definitions  for  GPS  range  equipment  and  the  basis  fbr  a  joint-service  development 
program, under  Air  Force  direction  at  Eglin  AFB,  Florida. 


INTRODUCTION 

The  NAVSTAR  Global  Positioning  System  (GPS)  is  a  three.-dimensional  navigation  system 
that  will  employ  eighteen  satellites  in  circular  20,200  Kilometer  (12  hour  period)  orbits 
(Figure  1).  By  listening  to  four  or  more  satellites,  users  of  GPS  can  derive  position, 
velocity,  and  time  with  high  precision  and  uniform  accuracy  on  a  global  basis(l). 
NAVSTAR  GPS  is  being  developed  by  a  triservice  Joint  Program  Office  located  at  the  Air 
Force’s  Space'  Division  Headquarters  in  Los  Angeles,  California.  The  si*  satellites 
presently  in  orbit  provide  a  few  hours  each  day  for  equipment  development  and  testing. 
The  operational  satellites  will  be  placed  in  orbit  beginning  in  1986  and  full  24-hour 
capability  will  be  achieved  by  late  1988  or  early  1989. 


The  advent  of  GPS  offers  a  major  opportunity  '  for  fielding  a  standardized,  cost 
competitive  Tlme-Space-Poait ton  Information  (TSpi)  system  on  the  national  ranges.  .  A 
GPS-baaed  TSPI  system  would  provide  precise  and  uniform  tracking  accuracy  to  unlimited 
numbers  of  test  articles  between  the  surface  and  low  earth  opbit.  The  Individual  ranges 
would  have  to  invest  in  telemetry  data  link  upgrades  and  data  handling  systems,  but  might 
be  able  to  avoid  the  high  capital  Investments  of  other  types  of  TSPI  equipment 
( phased-array  radars,  time-multiplexing  systems,  etc.)  in  future  expansion  and 
improvement  programs.  On  the  other  hand,  there  are  several  significant  performance  and 
implementat ion  issue*  that  need  to  be  resolved  before  the  potential- benefits  of  GPS  as.  a 
test  range  asset  can  be  realized. 


The  Department  of  Defense  ( OUSDRE/DDT* E)  issued  a  memorandum  to  the  three  services  in 
y,  1981  requesting  that  the  Air  Force  lead  a  triservice  study  of  GPS  applications  to 
st  and  evaluation  ranges  and  the  training  ranges.  The  objectives  were: 

Evaluate  generic  test  and  evaluation  and  training  requirements  for  GPS 
application. 

-  Identify  and  analyze  the  technical  problems  associated  with  GPS  applications. 

-  Recommend  interim  and  long-term  applications  of  GPS. 

The  third  objective  was  expanded  during  the  course  of  the  study  to  include 
lentif ication  of  a  lead  organization  and  development  of  a  management  approach  to  a 
>ng-terw  equipment  acquisition  program. 

The  study  co««ittee  was  organized  in  September,  1981  with  two  members  each  from  the 
my.  Navy  and  Air  Force  range  organizations.  A  final  report  was  delivered  in  January, 
<83(2).  The  triservice  study  group  has  continued  to  function  as  an  advisory  committee 
>  the  organization  selected  as  the  developer  of  range  equipment:  the  Instrumentation 
rectorate  of  the  Air  Force  Armament  Division  (AD/YI)  at  Eglin  AFB,  Florida(3). 


RiCEPTUAL  TSPI  EQUIPMENT 

TSPI  data  can  be  obtained  by  using  onboard  GPS  receivers  or  frequency  translators, 
receiver  processes  the  satellite  signals  and  outputs  either  raw  or  corrected  TSPI  data 
lich  can  be  recorded  or  transmitted  to  the  ground  through  a  telemetry  data  link.  A 
-anslator  receives  the  GPS  signals  and  retransmits  them  on  a  different  frequency  for 
•tection  and  processing  on  the  ground.  Translators  use  up  telemetry  bandwidth  rapidly 
•cause  at  least  two  megahertz  is  needed  for  each  simultaneously  operating  translator.  A 
sceiver  system  uses  less  than  100  kilohertz  of  bandwidth,  thus  permitting  large  numbers 
:  users  to  be  active  at  the  same  time. 

'Receivers  are  good  candidates  for  aircraft  and  test  articles  with  high  recovery 
ites  so  that  the  GPS  equipment  can  be  reused.  Being  simpler,  smallep,  and  less 
cpensive  than  receivers,  translators  are  well-suited  for  small  test  articles  that  are 
ipendable  or  likely  to  exhibit  a  high  attrition  rate  such  as  missiles  and  drones.  In 
>neial,  the  type  of  onboard  equipment  chosen  for  a  particular  application  will  be 
ictated  by  performance  requirements,  form-fit  factors,  and  cost3  relative  to  the  test 
rticle  itself. 

A  range  system  concept  employing  a  digital  translator  is  shown  in  Figure  2.  The 
irrier  for  the  retransmitted  signal  is  derived  from  the  translator  local  oscillator  and 
jed  at  the  receiving  site  to  aid  signal  tracking  and  correct  translator  locaL  oscillator 
:ror(4).  vehicle  position  and  velocity  are  then  estimated  using  special  processing 
Lgorithms(S) .  Both  analog  and  digital  translators  have  been  built  and  tested,  thus 
‘rifying  the  concepts(6,7 ) . 


In  the  course  of  the  study,  two  types  of  receivers  for  use  on  test  vehicles  were 
iefinedt Figure  3):  A  Low  Dynamic  Set  and  a  High  Dynamic  Set.  The  Low  Dynamic  unit  would 
)e  used  in  applications  where  output  data  is  required  once  or  twice  per  second  at  most 
md  wnen  accelerations  are  less  than  10  meters/sec2  (infantry,  ground  vehicles  and 
ihips).  This  Set  would  operate  on  the  GPS  Li  frequency  only  with  two  detection  channels 
ilternately  switched  among  satellite  signals  to  generate  the  basic  range  and  range  rate 
iara. 


HIGH  OYMAMtC  SET  LOW  OTMAMIC  WT 


FIGURE  3  INSTRUMENTATION  CONCEPTS 


The  High  .  Dynamic  Set  would  be  suitable  for  vehicles  with  accelerations  up  to  a 
saxiraum  of  100  meters/sec2  (aircraft,  helicopters  and  drones).  This  unit  would  operate  on 
-oth  LI  and  L.2  frequencies,  simultaneously  track  at  least  four  satellite  signals  and 
Produce  new  TSPI  estimates  at  rates  up  to  twenty  per  second  corrected  for  ionospheric 
lelays.  In  addition  to  producing  absolute  TSPI  estimates,  the  High  and  Low  Dynamic  Sets 
lould  also  operate  in  the  differential  mode  described  in  the  next  section. 


CERFCRHANCE  ISSUES 

The  principal  categories  of  concern  with  regard  to  performance  are  data  quality 
(rate,  accuracy,  precision  and  dynamic  lag)  and  data  continuity  ( time-to-f irst-f ix*  and 
lata  dropouts).  Many  of  the  items  in  these1  categories  are  closely  allied  with  the 
’implementation  issues"  discussed  in  the  next  section. 

The  TSPI  requirements  for  a  wide  variety  of  scenarios  and  test  articles  for  more 
:han  forty  service  ranges  were  compiled  and  analyzed.  Based  on  this  compilation,  eight 
idealized  (generic)  ranges  were  def i.ned(Table  1)  along  with  typical  data  requirements 
(Table  2).  Proposed  GPS  configurations  were  -malyzed  to  estimate  the  capabilities  of 
jroperly  designed  equipment  in  the  range  environment,  and  a  box  is  drawn  around  those 
Items  in  Table  2  that  are  either  stressing  for  GPS  or  GPS  cannot  satisfy.  Overall,  GPS 
i3  effective  in  meeting  most  of  the  requirements  and  will  offer  better  performance  than 
:onventional  (non-GPS)  systems  in  many  cases. 


TABLE  1  GENERIC  RANGE  RELATIONSHIPS  TO  DOO  RANGES 


'Elapsed  time1  from  sel  initialization  to  subsequent  output  of  accurate  TSPI.  data. 
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TABLE  2  TSPI  REQUIREMENTS  SUMMARY 


The  GPS  error  budget  is  dominated  by  systematic  errors  in  satellite  location  and 
;nal  transmission  delays  through  the  ionosphere.  These  systemic  errors  can  be  readily 
ibrated  using  a  GPS  reference  receiver  at  a  surveyed  site  to  compute  differential 
rectionst. Figure  4).  The  corrections  can  then  be  used  in  real-time  or  recorded  for 
;t-flight  data  improvement.  A  test  program  is  underway  to  determine  the  size  of  the 
ion  around  the  reference  receiver  for  which  the  corrections  are  valid,  with 
lirainary  findings  that  the  minimum  radius  is  probably  greater  than  several  hundred 
ometers. 


FIGURE  4  POO  SYSTEM  CONCEPT 


Each  GPS  satellite  transmits  a  navigation  signal  containing  a  precise(P)  code  and  a 
ar/acqu isi t ion( C/A)  code.  Expected  TSPI  accuracies  for'  authorized  users  of  these 
“s  are  shown'  in  Table  3.  The  P-code  is  significantly  better  for  absolute  position  and 
acity  determination  but  in,  the  differential  mode  (using  a  P-‘code  reference  receiver) 
d  codes  provide  essentially  equivalent  velocity  accuracies  with  the  P-code  being  only 
jhtly  better  for  position  determination^) .  Since  P-code,  is  less  susceptible  to 
tipath  errors  and  since  P-code  receivers  are  only  si ightly  more  complex  and  costly,  P- 
?  is  recommended  for  receiver  applications.  The  C/A  code  is  selected  for  translator 
lications  because1  significantly  less  bandwidth  is  required  (2-  megahertz  vs  20 
ahertzj. 
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CONDITIONS:  APPROX  [MAT*  THRU  DIMENSIONAL  RSS  ERROR.  POOP  *  l 
POINTW1SB  SOLUTIONS  (1  Ht  POSITION.  IS  Hi  VELOCITY) 
NO  MULTIPATH  ERRORS  OR  UNCOMPENSATED  DYNAMICS 
•  NO  IONOSPHERIC  REFRACTION  CORRECTION 

TABLE  3  EXPECTED  GPS  TSPI  ACCURACY 


The  performance  of  current  receivers  with  respect  to  data  continuity  is  not 
isfactory  for  applications  on  the  ranges.  The  time-to-f irst-f ix  must  be  reduced  from 
nutes*  to  a  few.  seconds,  and  reacquisition  after  signal  loss  (for  example,  when  an 
craft  banlcs  and  masks  the  GPS  antenna)  lowered  to  a  fraction  of  a  second.  Three 
hninues  have  been  proposed  to  improve  data  continuity.  First,  rapid  signal 
uisitior  methods  have  been  defined  and  are  being  tested(9).  Secondly,  an  inertial 
erence  unit  integrated  with  the  GPS  receiver  could  provide  data  through  a  .-asking 
iod  and  assist  the  receiver  tracking  loops  to  quickly  reacquire.  Lastly,  fixed  ground 
ulated  satellites,  "pseudol ites" ,  at  key  locations  could  reduce  or  eliminate  outages', 
ever,  pseudolites  may  present  interference  and  signal  capture  problems  due  to  the 
ge  differences  in  signal  strength  with  the  satellites. 

LEMENTATION  ISSUES 

The  key  implementation  issues  concern  the  cost-effectiveness  of  a  GPS  approach 
pared  with  existing  instrumentation  systems,  and  the  future  integration  of  GPS 
ipnent  at  the  ranges.  The  generic  ranges  were  analyzed  from  a  cost-benefit  standpoint 
timing  future  evolution  of  both  non-GPS  and  GPS  equipment  suites(lO).  The  "Nobile  Sea* 
ge  was  omitted  because  a  fully  developed  system  at  sea  did  not  exist  and  comparative 
ts  could  not  be  obtained.  Figure  5  shows  the  twenty  year' life-cycle  cost  results  for 
remaining  seven  generic  ranges,  all  normalized  to  a  hypothetical  present  day 
k-cost  baseline.  In  other  words,  the  cost  comparison  was  done  from  the  present  time 
ward  assuming  an  existing  suite  of  non-GPS  instrumentation  that  must  be  maintained, 
rated,  modernized,  and  improved  in  future  years. 
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FIGURE  8  DIFFERENTIAL  LIFE  CYCLE  COST  SUMMARY 


The  analysis  assumed  "very  extensive*  use  of  GPS  and  "practically  no*  use  o*  GPS, 
Le  neither  extreme  will  actually  occur.  Further,  the  generic  ranges  are  idealized 
re sen tat ions ,  while  the  real-world  ranges  combine  the  functions  of  several  generic 
jes  in  one  geographic  location.  A  far  more  extensive  investigation  would  be  required 
aap  these  "generic"  savings  back  into  the  40-odd  existing  ranges  to  arrive  at  a  total 
:  savings.  However,  an  estimate  of  the  bounds  of  savings  was  derived  by  several 
roximatc  methods.  The  results  indicate  the  potential  overall  cost  savings  to  the  DOD, 
sn  that  the  appropriate  equipment  is  developed  in  a  timely  fashion,  are  certainly  in 
ess  of  $300  million  and  may  approach  $1  billion  over  the  twenty  year  life-cycle  cost 
tod. 

As  an  aside,  the  "Land  Training  and  OT&E*  range  is  the  only  generic  range  which  does 
favor  GPS  over  non-GPS.  This  partially  reflects  the  conservative  nature  of  the 
;ulations,  since  the  higher  values  of  GPS  cost  estimates  and  the  lower  values  of 
/entional  systems  were  used.  Further,  the  costs  of  GPS  receivers  are  expected  to  fall 
idly  over  the  next  few  years  as  new  integrated  circuit  chips  are  developed,  hence  this 
.-cycle  cost  comparison  may  be  overly  conservative. 

There  are  also  technical  issues  associated  with  implementing  GPS  on  the  ranges.  For 
iple,  TSPI  systems  with  different  telemetry  bands,  power  levels,  and  modulation  are 
I  on  the  various  ranges;  and  appropriate  provisions  would  have  to  be  made  to 
xaodate  these  differences.  The  development  of  the  family  of  range  equipment  could  be 
>mplished  in  a  modular  fashion  so  that  different  telemetry  transmitters,  for  ihstance, 
.d  be  interfaced  with  the  receiver.  Similarly,  provisions  could  be  made  to  add  an 
rtial  reference  unit,  use  different  preamplifiers  with  various  antenna  arrangements, 
change  the  snape  factor  within  certain  limits  to  fit  various  test  articles.  The 
lidates  for  development  are  shown  in  Table  4.  The  Advanced  High  Dynamic  Set  is  a 
>er  development  risk;  however,  recent  data  from  manufacturers  of  GPS  equipment  suggest 
:  GPS  receivers  of  1600  cc  in  volume  or  smaller  are  feasible  in  the  next  few  years, 
irly,  a  smaller  receiver  could  be  used  in  more  applications  in  the  range  environment. 
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TABLE  4  INSTRUMENTATION  DEVELOPMENT  CANDIDATES 


Though  not  part  of  the  family  development,  two  other  types  of  GPS  receivers  are 
irta'nt  to  the  test  range  community.  Timing  receivers,  which  are  commercially 
lable  today,  are  competitive  in  price  and  accuracy  with  atomic  standards  and  are 
ady  in  use.  Geodetic  receivers  capable  of  providing  surveys  to  a  precision  of  a  few 
imeters  are  presently  being  tested(ll).  ■ 


[ART 

The  potential  benefits  of  GPS  as  a  source  of  Tirae-Space-Posit ion  Information  (TSPI) 
been  established  and  the  Department  of  Defense  has  initiated  a  development  program 
r  Air  Force  auspices  at  Eglin  Air  Force  Base  in  Florida.  A  family  of  GPS  equipment 
oelng  developed  consistent  with  that  proposed  by  the  trlservice  study  group  and 
fly  described  in  this  paper.  There  are  several  performance  and  implementation  issues 
to  be  resolved, 'but  none  appear  to  pose  serious  obstacles  to  widespread  applications 
PS  on  the  ranges. 

The  present  GPS  user  equipment  ih  not  suitable  as-is  for  the  majority  of  uses  on  the 
es  since  it  was  not  designed  to  satisfy  range  requirements  for  data  quality  and 
inuity,  and  is  not  compatible  with  existing  range  data  systems.  However,  appropriate 
instrumentation  for  range  use  can  be  developed  with  available  technology.'  The 
all  cost  avoidance  is  very  difficult  to  estimate,  but  is  believed  to  be  several 
reds  of  nil’ lions  of  dollars  for  the.  combined  range  activities  in  the  Department  of 
nse  over  the  next  twenty  years. 
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eal-time  Microwave  Airplane  Position  System  (MAPS)->1s  currently  being  used  by  The 
Company- Tor  noise  certification  testing.  The  system  measures  ranges  and  range 
•s  from  several  ground  transponders  to  an  airplane,  and  computes  the  airplane 
i 1 1  on  using  a  Kalman  Filter  algorithm.  Airplane  position  relative  to  a  fixed  earth 
•dinate  system  is  available  for  recording  and  cockpit  display;five  times  per  second.  «- 

larisons  of  position  data  from  MAPS  with  data  from  Boeing  photo-theodolite  systems  s* r 
*  showrr-that  MAPS  accuracy  is  better  than  two  meters  when  the  airplane  is  within  the 
gn  envelope  of  the  ground  transponder  array.  Unfortunately,  the  minimum  practical 
tube  of  a  design  envelope  is  50  meters,  so  MAPS  cannot  be  used  for  takeoff  and 
ling  tests.  ^  ■ 

bridge  the  gap  from  the  ground  to  50  meters '-altitude,  an  alternate  source'  of 
tude  Information  is  required.  The  problems  dT  .  obtaining  absolute  ^altitude 
irmation  from  other  sources;  Nave  been  well  documented.  ^Radio  altimeters  are- depen-  - 
on  smooth,  hard  reflective  surfaces,  and  measure  only  the  local  altitude  above 
ind  level.  Pressure  altimeters  are  dependent  on  the  whims  of  Mother  Nature. 

•t 1  a  1  Reference  Unit  (IRU)  altitude  Is  not  accurate  enough  for  performance  data  over 
time  periods,  because  of  biasing  from  the  double  integration  of  accelerometer 
>rs.  However,  radio  altimeters  -give  excellent  altitude  Information  when  over  a 
ray,  pressure  altimeters  give  an  excellent  indication  of  a  local  change  In  altitude, 
an  IRU  is  an  excellent  source  of  vertical  speed  data. 

report  examines  the  inclusion  of  these  alternate  sources  of  altitude  data  in  the 
ian  Filter  used  by  MAPS.  Filter  initialization  was  modified  to  Include  the 
ulation  of  bias  errors  found  in  the  other  sources  derived  from  the  original 
er's  estimate  of  airplane  location.  The  measurement  matrix  was  expanded  to  include 
alternate  sources  in  a  manner  that  places  emphasis  on  the  most  reliable  sources  of 
with  respect  to  the  airplane's  location. 


exterded  filter  was  verified  through  computer  simulations,  which  provided  a  direct 
ure  of  the  effects  of  the  filter  on  the  output  data.  Comparisons  of  "true" 
tion,  original  filter  output  and  enhanced  filter  output  were  made  to  determine 
e  effects.  Actual  flight  data  that  had  been  recorded  during  previous  testing  was 
introduced  to  the  filter  for  comparison  with  the  original'  filter  and  with  photo- 
do  1 i te  data. 


ACE 

e  position  data  collected  by  Boeing  Flight  Test  during  airplane  development  and 
ification  testing  has  historically  depended  upon  photo-theodolite  systems.  How- 
,  in  1981  Boeing  acquired  a  microwave  system  that  provides  accurate  position  data 
ah  pirplane  is  at  least  50  meters  above  the  ground.  The  Kalman  Filter  algorithm 
by  the  system  was  extended  to  allow  altitude  and  altitude  rate  input  from  an 
pendent  source.  This  extension  broadened  the  flight  regime  of  the  system  to  also 
ude  the  space' from  ground  level  to  50  meters  above  ground  level. 

extended  system  was  developed  using  simulated  microwave  and  altitude  input.  It  was 
anilyzed  and  verified  using  both  simulation  and  actual  flight  data.  Data  from 
e  f’ight  tests  including  three  approaches,  five  flybys,  and  two  takeoffs  of  Boeing 
and  767  airplanes  were  used  during  the  verification.  Comparisons  of  airplane 
tion  given  in  X,  Y,  Z  coordinates  were  made  from  data  collected  from  the  microwave 
em,  the  extended  microwave  system,  and  the  photo-theodolite  systems. 

results  from  the  comparisons  show  that  the  Extended  MAPS  provides  output  position 
that  is  not  restricted  to  a  particular  altitude  regime,  and  is  within  one  meter  of 
actual  airplane  position  at  least  90S  of  the  time. 


GROUND  , 

.  of  the  space  position  data  obtained  at  8oe1ng  Flight  Test  involves  gathered  data 
ltitudes  from  0  to  1000  meters  at  surveyed  test  ranges  from  two  to  ten  kilometers 
.  Prior  to  acquisition  of  the  Microwave  Airplane  Positioning  System  (MAPS),  most 
tion  data  was  obtained  using,  one  of  two  photo-theodolite  systems.  The  Airplane 
tion  and  Attitude  Camera  System  (APACS)  uses  a  forward  looking  camera  mounted  near 
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fror.t  of  an  airplane  to  taxe  time  coordinated  pictures  of  uirport  runway  lights  to 
rmine  the  airplane's  position  and  attitude  when  the' runway  lights  are  in  the-  field 
iew  of  the  camera.  A  down-looking  camera  system  takes  pictures  of  surveyed  targets 
testing  requirements  preclude  the  use  of  runway  lights.  APACS  is  the  most 
rate  positioning  system  available,  but  the  use  of  runway  lights  limits  the  range  of 
to  100  meters  altitude  while  the  lights  are  in  view.  The  down-looking  camera 
em  has  a  practical  altitude  range  from  20  to  1000  meters  and  requires  extensive 
e  setup  prior  to  testing.  Both  of  these  systems  require  a  considerable  amount  of 
-test  processing  before  confirming  that  test  requirements  were  accomplished. 

primary  use  of  the  down-looking  camera  system  is  noise  certification  testing 
use  of  the  time  and  expense  associated  with  noise  testing,  real  time  data  and  pilot 
ance  information  became  a  priority  item  when  test  planning  began  for  the  757  and 
airplanes.  The  results  of  a  study  of  real  time  space  position  possibilities 
cated  that  a  microwave  ranging  system  would  fulfill  the  accuracy  requirements  ard 
w  a  good  measure  of  flexibility  and  portability.  The  HAPS  was  built  for  The  Boeing 
any  by  the  Cubic  Corporation  in  1981. 

is  used  to  provide  accurate  real  time  and  post  test  position  data  for  noise  certi- 
tion  testing;  It  determines  airplane  position  from  ranges-  and  range  rates  measured 
3  to  11  ground  transponders  placed  at  surveyed  locations  on  a  test  range. 

ire  1  illustrates  the  equipment  included  in  HAPS.  After  an  initialization  period 
system  enters  a  200  millisecond  output  cycle,  which  includes  eight  25-millisecond 
it  cycles.  The  operation  of  the  system  as  the  output  cycle  proceeds  is  outlined 
iw. 


Based  on  the  latest  position  estimate,  the  computer  selects  eight  trans¬ 
ponders  that  will  provide  the  best  position  solution  at  the  end  of  the  cycle. 

Eight  input  cycles  are  performed;  one  for  each  of  the  selected  transponders. 

During  each  input,  cycle  the  following  operations  take  place: 

*  The  computer  instructs  the  Interrogator  to  obtain  data  fro*  a  specific 
transponder. 

*  The  Interrogator  encodes  the  transponder  Identification  and  sends  a  signal 
to  the  transponders. 

*  The  transponder  with  the  proper  code  returns  a  signal  to  the  Interrogator. 

*  The  interrogator  decodes  the  return  signal  and  passes  range  and  range  rate 
values  to  the  computer. 

*  The  computer  applies  calibration  and  atmospheric  corrections  to  the  data 
and,  through  use  of  a  Kalman  filter,  updates  the  estimated  airplane 
position  and  extrapolates  an  estimate  for  the  next  input  cycle. 

The  computer  sends  the  extrapolated  position  to  the  pilot's  display  for  air¬ 
plane  guidance  and  the  updated  position  to  a  tape  recorder  for  post-test 

analysis. 
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arison  data  were  generated,  using  both  APACS  and  the  down-looking  camera  system 
ng  the  MAPS  acceptance  test;  an  automatic  approach  test  using  a  Boeing  737;  and  the 
e  certification  test,  of  the  767.  The  results  of  these  tests  indicated  that  MAPS 
ut  is  within  two  meters  of  the  true  position  at  least  95  percent  of  the  time  at 
tudes  above  50  meters.’  The  50  meter  minimum  altitude  results  from  the  combination 
he  geometric  dilution  of  precision  (G00P)  inherent  in  geometrical  systems,  and  the 
tical  limit  or.  the  number  of  ground  transoonders  deployed. 

oon  as  the  usefulness  and  accuracy  of  the  system  was  recognized,  a  study  began  to 
nd  its  test  regime  to  the  ground  using  data  that  is  generally  available  on  tec'c 
raft.  If  possible,  MAPS  could  then  be  used  for  takeoff  and  landing  performance 
s  and  multi-segment  automatic  approach  tests. 


NSION  OF  THE  MICROWAVE  AIRPLANE  POSITION  SYSTEM 
Alternate  Sources  of  Altitude  Data 

alternate  sources  of  altitude  data  av-iiable  on  test  airplanes  are  pressure  a  1 1 1  - 
,  radio  •  altitude  and  the  inertial  reference  unit  (IRU)  altitude.  Pressure 

tude  provides  accurate,  sbe-t-term  altitude  change  information.  Because  of  local 
ations  in  the  atmosphere,  there  is  usually  a  bias  between  the  pressure  altitude 
e  mean  sea  level  and  the  actual  mean  sea  level  altitude,  but  for  short  distances, 
bias  may  be  considered  constant.  The  radio  altimeter  provides  very  accurate 
tude  above  ground  level  when  measured  over  a  hard  surface,  but  the  altitude  data 
mes  erratic  over  grass  and  trees.  Altitude  data  from  the  inertial  reference  unit 
ot  as  satisfactory  as  either  pressu. e  altitude  or  radio  altitude,  but  IRU  vertical 
d  is  better  than  those  derived  from  the  other  systems. 

nature  of  each  of  the  altitude  systems  determined  how  they  would  be  Included  in 
.  After  MAPS  has  established  >n  accurate  time  history  of  altitude  data,  pressure 
tude  is  used  to  predict  the  altitude  changes  as  the  system  descends  below  its 
ht  regime.  Radio  altitude  is  used  to  establish  an  accurate  altitude  when  the 

em  is  below  Its  flight  regime  and  is  over  a  runway.  IRU  vertical  speed  is  used  at 
times. 

MAPS  Kalman  Filter 

heart  of  MAPS  is  a  linearized  Kalman  filter  that  provides  position  output  with 
set  to  a  fixed  coordinate  system.  The  state  of  the  filter  consists  of  the 
>nents  of  the  position  and  velocity  of  the  airplane.  The  current  state  is  related 
future  state  via  a  set  of  linear  equat’ons  called  the  System  Model.  The 
irements  of  range  and  range  rate  are  related  to  the  state  via  a  se .  of  linearized 

:1ons  called  the  Measurement  Model.  These  are  expressed  as  follows: 

State  of  the  System: 
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and 

jw}  »  System  modeling  errors  associated  with  the  components  of 
the  state 


Measurement  Model : 


;on-l  inear  relationshin  between  the  range  and  range  rate  measurements  from  a  ground 
■ponder  and  the  state  of  the  system  is: 


{ Z ( k  ) }  =  {  h(  x(k  } )  f  +  fvt 


i  expands 
rangei 
rratei 


to : 


SQRT( (xpos-xti )**2  +  (yp  '.,-yti}**2  +  (zpos-zti )**2) 

( ( xpos-xt i )*xvel+(ypos-yti )*yvel+(zpos-zti )*zvel ) /rangei 


where: 

xti,  yti,  zti  are  the  coordinates  of  the  transponder  being  used,  and 
) V  j  are  the  expected  errors  in  the  measurements 


:  expressions  were  linearized  by  expanding  them  in  Taylor  Series  about  the  latest 
I  position  output. 

lZ(kH  ■  jh(X(k-l))(  +  [H(k-1 )] |X(k )-X(k-l) |  +  |v| 


where: 

[h  ( k  - 1  )j 


a  h(x(k-i)) 
a  x(k-i) 


<alman  extrapolation  and  update  equations  that  derive  from  the  problem  definition 
is  follows: 

Extrapolation  Equations: 


{  X e  ( k ) }  =  [PH  1]{X u  ( k - 1 )  j 

[P  e  ( k  )]  =  [P  H  i][P  u  ( k  - 1 )]  [P  H  I]T  +  [q  J 


Update  Equations: 

[K(k)]  =[Pe(k)][H(k)]T[[H(k)][Pe{'k)][H(k)]T  ♦[R]]"1 
jXu(k)} *{Xe(k)}+[K(k)] JZ(k)  -  h(Xe(k))} 
[Pu(k)]>  J[I]  - [K ( k  jj[H ( k )]j [P e ( k )] 


where: 

The  e  and  u  suffixes  indicate  the  extrapolated  and  updated  values  of 
the  attached  parameter,  respectively. 

[K]it  the  Kalman  Gain  matrix 

.  [Q] 1 s  the  System  error  co-variance  matrix 
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R  is  the  measurement  error  co-viriance  matrix 


R 


0.0625 

0.0 


0.0 

0.005184 


Extended  MAPS  Kalman  Filter 


iding  the  definition  of  the  Kalman  filter  to  accept  altitude  and  vertical  speed 
only  requires  changes  to  the  Measurement  Model.  The  output  of  the  system  remains 
same,  so  the  state  of  the  system  does  not  change,  and  since  the  state  does  not 
jb,  the  System  Model  does  not  change. 


leasurement  Model  becomes: 


rangei 

SQRT,(  (xpos-xti )**2  +  (ypos-yti )**2  +  (zpos-zti  )**2) 
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( (xpos-xti )*xvel+(ypos-yti )*yvel*(zpos-zti )*zvel )/rangei. 
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whera  h  is  al ti tude, ' and  hd  is 'vertical  speed 
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Initialization  of  Altitude 

Data 

• 

measurements  h  and  hd  for 

altitude  and 

vertical 

speed 

measured  by  one  of  the  various  1  ns  t  rutrent  s ,  ■  but  they  are  those  raw  values  with  biases 
removed  using  an  initialization  process. 


For  descending  flights,  the  original  MAPS  algorithm  is  used  until  certain  conditions 
call  for  tne  extended  algorithm.  However,  the  initialization  process  begins  when  the 
airplane  passes  through  150  meters.  A  running  one-second  average  of  the  differences 
between  pressure  altitude  and  MAPS  altitude  is  maintained  until  the  extended  algorithm 
is  called.  The  average  is  then  subtracted  frc&  the  input  pressure  altitude  to  remove 
the  bias.  An  Identical  procedure  is  used  for  correction  of  vertical  speed. 


For  ascending  flights  below  60  meters,  or  level  flights  that  do  not  have  adequate  alti¬ 
tude  for  accurate  altitude  determination,  the  radio  altimeter  values  are  used  along 
with  a  constant  correction  value  that  removes  biases  due  to  the  differing  reference 
values.  A  variable  correction  factor  that  compensates  for'  the  difference  between  the 
HAPS  coordinate  system  and  runway  elevation  is  used.  Ver*ical  speed  bias  is  ignored  in 
these  instances.  The  pressure  altitude  1 ni t i a  1 i zat ion  process  described  above  is 
started  so  that  pressure  data  can  be  introduced  when  the  end  of  the  runway  is  reached. 

Extended  MAPS  Operation 

During  the  discussion  of  MAPS  It  was  pointed  out  that  the  altitude  data  was  acceptable 
at  altitudes  above  50  mete-s.  However,  this  lirn't  is  strongly  dependent  an  the  design 
of  the  ground  transponder  array.  For  this  reason,  during  descending  flights  the 
Extended  MAPS  algorithm  was  designed  to  check  the  geometry  of  the  airplane-ground 
transponder  relationship,  beginning  at  100  meters.  If  the  elevation  angle  from  the 
closest  ground  transponder  to  the  airplane  is  less  than  1/  degrees,  the  extended 
algorithm  is  used.  In  all  cases,  the  extended  algorithm  is  used  below  60  meters. 

During  ascending  or  lew-level  flybys,  the  extended  algorithm  Is  used  at  the  beginning 
of  the  flight.  When  the  er.d  of  the  runvxy  Is  reached,  pressure  altitude  Is  substituted 
for  radio  altitude,  and  the  original  algorithm  is  used  when  the  airplane  is  above  60 
meters  and  th  •  elevation  angle  from  the  closest  transponder  to  the  airplane  is  greater 
than  20  degrees. 


VER  1  r  I  CAT  I  ON 


Verification  of  the  Extended  MAPS  was  accomplished  using  a  two-stage  approach.  First, 
simulations  of  both  MAPS  and  Extended  MAPS  were  developed  to  provide  a  direct  com- 
pa-ison  of  actual  a.rplane  position  and  calculated  position.  Then'  actual  recorded 
fl’ght  test  data  was  used  as  input  to  Extended  MAPS  for  comparison  with  recorded  MAPS 
and  photo-theodolite  data. 


This  approach  was  r 
during  the  acceotanc 
while  it  was  possib 
assign  a . def 1 ni t 1 ve 
data  has  a  standard 
is  above  tho  design  ni 


^quired  because  the  down- look ing  camera  system  used  for  comparison 
testing  of  MAPS  is  not  as  accurate  as  MAPS  itself.  Therefore, 
e  to  establish  the  acceptability  of  MAPS,  it  was  not  possible  to 
Accuracy.  The  results  of  that  testing  show  thit  the  error  in  MAPS 
deviation  of  not  more  than  four  meters  when  the  system's  eUitude 
inimum  for  the  transponder  array  being  used. 
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A  predetermi ned  fllg 
and  Extended  MAPS. 
These  flight  paths  w 
wave  and  a  three-met 
the  fliqht  paths  wer^ 
Intended  to  ensure 
ability.  The  trsnspl 
This  array  was  thoserj 
MAPS. 


fit  path  was  used  for  development  cf  the  input  data  for  both  MAPS 

Among  the  comparisons  made  are  those  illustrated  in  Figure  2. 

ere  level  flypys  with  the  addition  of  a  five-meter  altitude  sine 
^r  longitudinal  sine  wave  superimposed.  The  nominal  altitude*  for 
100,  50  and  25  meters.  The  addition  of  th#  sine  wave  motions  is 
that  a  non-linear  flight  path  is  used  to  stress  the  filler's 

jonder  array  used  for  this  simulation  is  illustrated  in  Figure  3. 

as  one  that  fulfills  the  requirements  for  a  50-meter  flyby  using 
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it  input' data  for  the  simulation  «u  developed  through  the  addition  of  errors  that 
•»e  randomly  selected  from'  normal  error  distributions.  The  errors  assigned  to  the 
ansponder  locations  had  a  zero  nean  and  a  standard  deviation,  of  0.3  meters,  and 
tual  locations  used  in  calculating  range  data  were  determined  by  randomly  selecting 
e  errors  from  a  normal  distribution).  A  different,  selection  was  node  for  each  flight 
th  simulated.  Errors  for.  the  ranges  and  range  rates  used  at  Input  were  stnllarly 
signed  zero  means  and  0.4  meter  and  0.0?  meter/second  ,  standard  deviations, 
spectlvely.  These  values  were  determined  from  the  manuf acturer’t  specifications  and 
mparlson  of  simulation  results  with  actual  flight  test  results.  Ranges  and  range 
tes  were  zeroed  out  for  transponders  that  were  more  than  1000  meters  behind  the 
mulaie<1  position  to  model  transponder  blanking  by  the  fuselage  of  an  airplane.  On  a 
ndom  basis,  one  percent  of  the  ranges  were  zeroed  out  also.  This  allowed  for 
mulated  random  transponder  blanking  from  unknown  sources. 

rors  for  the  altitude  data  for  Eitended  uses  simulations  were  generated  having  zero 
ans  ard  C.5  meter  and  0.5  meter/second  standard  deviations  respectively  for  altttude 
d  vert  1 c  a  1  ve  loc 1 ty . 

me  representat ive  results  from  the  simulators  are  shown  In  figure  4.  These  results 
e  from  the  three  flight  paths  described  above.  For  this  comparison  the  Estended  HAPS 


„„„  ^o.i.e.^c  at  .ny.ict  miiuaei.  note  urn  me  amtuoe  comparisons  at  100 

■etsrs  are  quite  similar,  and  the  deviation  increases  at  the  lower  altitudes.  The 
taole  below  summarizes  these  data. 

Standard  Deviation  of  Output  Errors  (meters) 
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Each  of  these  results  is  from  three  separate  30-second  simulation  flights- 
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These  particular  conditions  were  e«ecuted  several  times  with  different  error 
selections,  and  takeoff  apd  landing  flight  paths  were  also  investigated.  The  results 
from  these  simulations  are  summarized  in  the  altitude  error  versus  altitude  graph  shown 
in  Figure  5.  These  results  show  the  expected  trends.  Mithout  a  direct  altitude  input, 
the  system  output  degrades  at  altitudes  below  100  meters.  The  addition  of  this  input 
results  in  altitude  output  that  1$  approximately  as  good  as  the  input. 
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ta  fro*  three  flight  tests  were  investigated  for  comparison  with  the  simulation  data, 
a  purposes  of  this  ohase  of  the  verification  were  to  show  that  Extended  MAPS  would 
erate  using  actual  data  and  to  gather  sufficient  comparison  data  to  validate  the 

aulation  results.  The  difficulty  in  comparing  MAPS  data  with  photo-theodolite  data 
two-fold.  The  most  accurate  theodolite  system,  APACS,  can  only  gather  data  at 
latively  low  altitudes,  and  the  down-looking  camera  system  gathers  data  only  at  dis- 
ete  points  in  the  test  array.  Therefore,  gathering,  a  statistically  significant 
npling  for  comparison  at  all  altitudes  requires  an  inordinate  amount  of  flight  time, 
other  practical  reason,  for  relying  on  the  simulator  is  that  each  flight  test  has 

ique  requirements  that  determine  the  transponder  array  to  be  used.  The  array 
signed  for  the  test  may  not  be  conducive  to  gathering  the  comparison  data  required 
r  a  complete  analysis. 

e  three  tests  used  for  this  analysis  were  an  Automatic  Approach  test  of  a  Boeing 
del  737,  the  acceptance  test  of  MAPS,  using  the  same  airplane,  and  the  Noise  Certi- 
cation  of  the  8oeing  767.  Several  flights  from  each  test  were  analyzed,  and 
presentative  flights  are  discussed  below  to  illustrate  the  results. 

3oeing  737  -  Automatic  Approach  Test 

e  737  automatic  approach  test  was  the  first  use  of  MAPS  as  a  data  gathering  system. 

fact,  timing  was  such  that  the  test  came  before  MAPS  had  been  officially  accepted  by 

eing.  In  order  to  verify  the  low  altitude  part  of  the  MAPS  output  data,  portable 

nway  lights  were  placed  prior  to  the  approach  end  of  the  runway  in  order  to  extend 
ACS  altitude  capability  to  150  meters.  The  transponder  array  used  during  this  test 
illustrated  in  Figure  6.  The  variable  spacing  used  for  the  centerline  transponders 
s  intended  to  allow  accurate  altitude  output  from  1000  meters  altitude  at  16 
lometers  to  50  meters  at  0.5  kilometer.  The  purpose  of  the  test  was  to  compare  the 
ight  path  of  the  airplane  with  instrument  landing  system  measurements  for  the  last  16 
lometers  of  the  approach.  Comparison  data  from  APACS  was  only  available  for'  the  last 
o  ki lometers. 
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Figure  6.  737  Approach  Test  Tranaponder  Array 


ret  approaches  from  this  test  were  used,  .for  comparison  of  MAPS  and  Extended  MAPS 
ta.  Figure  7  shows  the  comparison  of  APACS,  MAPS,  and  Extended  MAPS  altitude  data 
r  the  last  kilometer  of  one  of  these  approaches.  Extended  MAPS  used  corrected 
essure  altitude,  and  corrected  altitude  rate  from  different  static  pressure  sources 
input,  together  with  the  MAPS  ranges  and  range  rates  recorded  during,  the  test, 
lie  altitude  rate  from  the  Inertial  reference  system  would  have  been  a  more  desirable 
urce  for  altitude  rate  data.  It  was  not  available.  '  Note  that  the  data  was  ended  at 
e  runway  threshold  because  the  transponders  were  almost  enttrely  blanked  out  at  that 
1  nt . 

Ing  AP'.CS  as  the  "true''  position,  the  standard  deviation  of  MAPS  results  can  be 
ttmateu  as  one-third  of  the  maximum  excursion  from  the  APACS  data.  That  means  that 
e  standard  deviation  of  the  error  is  less  than  one  meter  at  70  meters  altitude, 
proximately  one  meter  at  50  meters,  and  over  two  meters  at  20  meters.  The  Extended 
PS  result  shows  that  the  standard  deviation  of  the  error  is  less  than  one  mstbr  for 
e  entire  approach. 
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Figure  7.  737  Approach  Test 


Boeing  737  -  HAPS  Acceptance  Test 

'he  second  test  using  HAPS  was  Its  acceptance  test  In  Glasgow,  Hontana.  Fourteen 
’lights  were  used  to  evaluate  HAPS  as  an  acceptable  system  for  Noise  Certification 
esting.  Five  of  the  flights  were  used  for  this  analysis,  and  data  from  one  of  these 
s  discussed  In  detail. 

he  array  jsed  during  the  14  evaluation  flights  Is  illustrated  in  Figure  8.  It  was 
esigned  for  a  minimum  altltuo.  of  100  meters  over  the  entire  range.  Figure  3  presents 
he  comparison  data  for  a  90-meter  flyby  over  the  runway.  It  was  chosen  because  It 
resents  a  classic  example  of  the  geometric  dilution  of  precision  { GOOP )  that  the 
xtended  system  was  designed  to  correct.  Because  the  flight  is  lower  than  the  design 
imits  of  the  array,  the  ranges  from  the  transponders  do  not  have  enough  resolution  to 
stabllsh  an  accurate  altitude  unless  the  airplane  Is  very  close  to  a  transponder 
tatlon.  Note  that  the  HAPS  output  Is  very  good  as  the  airplane  passes  over  each 
ransponder,  but  appears  to  degenerate  until  approaching  another.  During  this  test, 
he  down-looking  target  locations  coincided  with  the  centerline  transponder  locations, 
t  these  locations  all  three  systems  agree  within  one  meter.  By  comparing  the  altitude 
urves,  one  may  conclude  that  the  HAPS  output  Is  the  one  In  error  between  the  trans- 
onders  because  It  becomes  so  erratic.  This  data  falls  within  the  specifications 
equlred  of  HAPS,  but  there  Is  a  great  deal  of  room  for  Improvement. 
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Figure  ®.  MAPS  Acceptance  Teel  Tranaponder  Array 
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Figure  9.  MAPS  Acceptance  Tot 


Boeing  767  -  Noise  Certification  Test 

767  noise  certification  test  In  Palmdale,  California,  was  the  first  production  use 
APS.  The  transponder  array  used  was  designed  to  provide  accurate  data  at  altitudes 
10  meters  and  higher  over  the  east  half  of  the  runway,  and  150  meters  and  higher  3 
meters  east  of  the  runway.  The  array  Is  Illustrated  In  Figure  10.  All  test 
hts  were  flown  within  these  constraints,  so  the  addition  of  altitude  data  Input 
d  not  Improve  those  results.  The  initial,  takeoffs  from  two  days  of  testing  were 
yzed  to  show  the  potential  for  the  use  of  Extended  HAPS  In  takeoff  performance 
Ing.  The  first  of  these  Is  Illustrated  In  Figure  11. 
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Figure  11.  767  Takeoff 

>te  that  the  MAPS  onboard  data  did  not  start  until  the  airplane  reached  an  altitude  of 
>  meters.  This  occurred  because  the  system  could  not  Initialize  until  then.  By 
>rc1ng  Initialization  after  the  fact,  the  trace  entitled  MAPS  LS  was  calculated.  This 
-ace  provides  a  view  of  the  behavior  of  the  MAPS  Kalman  filter  If  It  had  initialized. 
ie  Extended  MAPS  solution , appears  to  provide  a  much  more  accurate  solution,  but  the 
>mpar1$on  Is  marred  because  there  Is  no  camera  data  to  support  this  conclusion.  To 
irrect  this  shortfall,  the  flight  was  reversed  and  rerun  as  an  approach,  for  which  we 
ive  some  knowledge  from  the  737  approach  test,  figure  12  contains  this  comparison  and 
infirms  that  the  Extended  MAPS  altitude  data  Is  accurate. 
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Figure  12.  ,767  Takeoff  With  Reverted  Input 


NCLUSIONS 

Is  evident  from  the  data  comparisons  during  verification  that  the  Extended  MAPS 

tends  the  usefulness  of  MAPS  from  the  ground  to  design  altitude  of  a  transponder 
ray.  Figure  13  summarizes  all  cf  che  data  examined  during  this  Investigation.  Since 
e  MAPS  acceptance  test  was  the  only  one  that  used  a  transponder  array  designed  for 
0-meter  minimum  altitude,  the  errors  from  that  test  were  applied  to  one-half  the 
own  altitudes  In  order  that  the  MAPS  output  not  be  biased.  Note  that  the  design 
tltudes  of  the  various  arrays  (50  meters)  coincides  with  the  point  at  which  the  MAPS 

tltude  solution  begins  to  diverge.  At  higher  altitudes,  the  Extended  NAPS  and  MAPS 

lutlons  approach  each  other.  Also  no*e  that  the  simulation  data  agrees  with  the 

Ight  data.  Therefore,  It  may  be  used  when  studying  either  system. 


servative  estimate  derived  from  these  results  Is  that  the  Extended  NAPS  output 
ies  output  data  that  Is  within  one  meter  cf  the  actual  position  at  least  90 
it  of  the  time. 


•  DEVELOPNCNT 

elative  simplicity  of  the  changes  to  NAPS  thct  resulted  in  such  a  significant  gain 
‘ages  us  to  continue  to  extend  the  system.  With  the  Inclusion  of  more  data  from 
fal  reference  systems  and  altitude  sensors,  the  number  of  transponders  required 
1  be  reduced  considerably.  For  tests  that  do  not  require  a  fixed  reference,  the 
>onder  requirement  may  be  eliminated  altogether.  Development  in  this  direction 
-educe  operational  requirements  of  the  system  and  make  it  much  more  flexible. 
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1ARY 

:n  1985  the  new  Advanced  Technology  Testing  Aircraft  System (attas)  will  be  operable  at 
DFVLR  in  Braunschweig.  Owing  to  the  wide  application  spectrum  of  ATTAS  ar.d  the  varied 
ie  of  users,  a  flight  test  instrumentation  system  having  a  very  high  degree  of  flexi- 
ty  and  testability  was  required.  It  was  therefore  decided  that  a  versatile  built-in 
.  and  calibration  system  called  GIMICS  .should  form  an  integral  part  of  the  ATTAS 
iht  test  instrumentation  system.  GIMICS  is  an  intelligent,  computer-controlled  system 
ng  dedicated  access  to  the  ATTAS  subsystems.  The  system  architecture  and  application 
ibility  of  GIMICS  will  be_,presented.  , 

/  < 

INTRODUCTION 

'he  DFVLR  has  been  involved  since  1971  in  the  design,  utilization  and  operation  of  the 
320  In-Flight  Simulator. 

'sing  special  equipment  and  instrumentation  of  this  In-Flight  Simulator  the  dynamic 
acteriscics  of  different  transport  aircrafts  could  be  simulated  in  5  degrees  of  free- 
un'der  realistic  conditions.  Based  on  more  than  ten  years  of  experience  with  the  HFB 
in  various  national  and  international  programs  the  DFVLR  started  in  1981  the  develop- 
of  the  Advanced  Technology  Testing  Aircraft  System  ATTAS.  MBB-VFW  and  the  DFVLR 
developing  in  close  cooperation  the  ATTAS  In-Flight  Simulator  based  on  a  VFW  614 
raft,  which  includes  a  dual  fail  passive  redundancy  concept  thus  also  enabling  compu- 
controlled  take-off,  landing  and  high-speed  flights  in  the  simulation  mode. 

'FVLR  -  ADVANCED  TECHNOLOGY  TESTING  AIRCRAFT  SYSTEM  ATTAS 

ig.  1  shows  the  principal  blockdiagram  of  the  ATTAS-VFW  614  instrumentation.  It  in- 
es  the  following: 

sic  controls  and  instruments  for  the  safety  pilot  who  operates  the  original 
chanical  links  to  the  different  motivators.  The  safety  pilot  can  switch  off  the  Fly- 
-Wire  ( FBW)-Control  System  in  emergency  cases. 

y-bv-Wire-Controla  and  experimental  instruments  for  the  evaluation  pilot  who  controls 
e  aircraft  in  the  FBW  simulation  moles  using  various  computers  and  electro-hydraulic 
tuators. 

nsors,  signal  conditioning  and  additional  avionics  to  identify  the  actual  aircraft 
atus. 

Central  Communication  Computer  for  intercommunication  between  the  Fly-by-Wire 
stem,  the  Experiment  Control  Compute.-  Systems  and  the  operator  using  the  operator 
nel  computer  system 

lemetry  and  analog  taperecorder  for  data  transmission  and  recording. 

t  is  obvious  that  this  complex  test  instrumentation  for  the  In-Flight  Simulator  ATTAS 
h  will  be  used  by  a  varied  range  of  users  over  a  wide  application  spectrum  requires 
atile  check-out,  test  and  calibration  aids  to  minimize  unpredictable  downtimes  and  to 
mize  the  benefit-to-cost  ratio. 

n  the  basis  of  over  10  years  of  user  experience  gained  with  the  In-Flight  Simulator 
320,  the  DFVLR  designed  and  realized  the  so-called  "General  Integrated  Multipurpose 
light  Calibration  System  "GIMICS"  which  forms  an  essential  part  of  the  ATTAS 
urement  System.  GIMICS  is  a  flexible  system  used  for 

stem  Checkout 

e-Flight/In-Flight  Test 

e-Flight/In-Piight  Calibration 

stem  Monitoring 


the  f Allowing  section  GIMICS  is  presented  and  discussed,  showing  its  range  of  ap- 
ion  ad  flexibility. 


IC  OBJECTIVES  OF  GIMICS 

achieve  a  high  quality  level  of  In-Flight-Simulation,  it  is  necessary  to  use  high 
y  and  high  accuracy  sensors,  signal  conditioning  and  actuators.  The  whole  mesure- 
■hain  from  sensor  to  actuator  including  the  computer  system  has  to  be  tested  and 
ated  in  given  time  intervals  to  guarantee  the  required  static  and  dynamic  accuracy, 
uld  thereby  be  stressed  that  essential  aspects  of  the  testing  and  calibration  such 
■  dynamic  calibration  of  control  surface  transfer  functions  can  only  be  performed 
tically  under  flight  conditions.  GIMICS  therefore  contains  as  an  integral  part  a 
te  test  and  calibration  system  wnich  allows  signal  input-  and  response  measurement 
computer  control  at  different  points  in  the  measurement  chain. 

ther  essential  aspects  of  GIMICS  are: 

ssibility  to  raw  ahalog  transducer  signals, 

te  controlled  testability  of  signal  conditioning, 

uter-controlled  adaption  of  signal  conditioning  parameters  to  different  flight  test 
s, 

grated  Pulse  Code  Modulation  (PCM)  data-acquisition  and  monitoring  (Quicklook) , 
isition  and  monitoring  of  measurement  system  housekeeping  data, 
age  of  test  and  calibration  results, 

ty  lockout  of  test  arid  calibration  functions  from  flight  test  system  during  criti- 
In-Flight  simulation  phases, 

•le  to  use  with  menu  oriented  computer  control. 

s  system  is  currently  under  development.  A  more  detailed  description  is  now  given 
following. 


'AS  EXPERIMENTAL  PLIGHT  CONTROL  SYSTEM 

i.  2  shows  a  further  simplified  block  diagram  of  the  ATTAS  experimental  flight  con- 
jystem.  We  ■  can  discern  three  system  levels  of  decreasing  significance  for  flight 


highest  level  shows  the  computer  systems  of  the  Fly-by-Wire  system.  It  consists  of 
Fly-by-Wire  computer,  the  Experimental  Control  Computer,  as  well  as  a  Terminal 
>uter  at  both  the  tailplane  and  cockpit  regions  of  the  aircraft.  At  these  points 
emely  safety  critical  aircraft  flight  functions  are  housed.  The  system  is  thus  only 
ssible  to  the  experimenter  via  the  Central  Communication  Computer. 

second  level  is  the  Signal  Conditioning  and  PCM  System.  Its  primary  task  is  to 
lition  the  raw  sensor  ,data  for  the  Fly-by-Wire  system.  It  also  contains  an  inteigra- 
PCM  system  to  transfer  all  data  of  the  Experimental  Flight  Control. System' to  magne- 
tape  and  via  telemetry  to  the  ground. 

.ng  safety  critical  flight  phases,  the  Signal  Conditioning  and  PCM  System  can  be 
:ked  by  the  Fly-by-Wire  system  so  as  not  to  disturb  the  highly  critical  uppermost 
.em  level. 

lower  level  is  the  Test  and  Calibration  System.  It  has  no  influence  on  the 
:ty  of  the  aircraft.  It-  consists  of  a  basic  set  of  standard  measuring  instruments. 


ISUREMENT  SYSTEM  AND  GIMICS 
■neral 

!  two  lower  levels  of  Fig.  2  are  to  be  understood  as  the  measuring  system.  This 
>n  is  again  represented  in  Fig.  3. 

:  measurement  system  consists  of  two  subsystems,  the  Signal  Conditioning  and  PCM 
i  in  the  upper  'half  of  the  figure  and  the  Test  and  Calibration  System  in  the 
half. 

>  Signal  Conditioning  and  PCM  System  consists  in  the  simplex  case  of  two  signal 
:ioning  units  (SC  Units)  of  the  same  type  in  an  1/1  ARINC  ATR  housing.  The  boxes  are 
I  where  data  is  concentrated  and  further  processed,  i.e.  in  the  cockpit  and  tail- 
regions,  of  the  aircraft.  Certain  signals  from  the  tailplane  area  initially  pass 
jh  the  special  signal  conditioning  unit  (SSC  Unit).  In  this  unit,  'the  signals  of 
serisors  are  conditioned  which  cannot  be  dealt  with  by  the  Standardized  components 
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he  SC  boxes.  These  are  the  signals  from  the  base  aircraft  itself,  which  have  to  be 
anically  decoupled  and/or  whose  voltage  level  lies  outside,  the  standard  signal  level 
conditioning).  Apart  from  these  signal  conditioning  components  there  are  yet  further 
snents  installed  in  the  SC  Units.  These  form,  in  conjunction  with  the  Test  and 
aration  System,  GIMICS. 

Signal  Conditioning  and  PCM  System 

l  Signal  Conditioning  Unit  (SC  Unit) 

ig.  4  shows  the  structure  of  the  SC  Unit.  A  unit  can  condition  a  maximum  of  48  analog 
ar  signals.  Groups  of  '4  analog  channels  together  with  power  supply  for  attendant 
ars  are  housed  on  one  card.  The  conditioned  sensor  signals  proceed  in  analog  form  to 
I/O  units  of  the  Fly-by-Wire  system,  as  well  as  to  the  local  subunits  of  the  integra- 
?CM  system. 

part  of  £he  SC  unit  essential  to  GIMICS'  is  the  built-in  central  calibration  unit 
i  is  connected  via  the  calibration  bus  (CAL  BUS)  with  the  Test  and  Calibration 
>a.  Within  each  SC  box  there  is  a  local  version  ' of  the  CAL  BUS  which  leads  to  the 
»1  conditioning  channels  of  the  SC  Unit.  Each  SC  box  contains  its  own  microprocessor 
l  has  access  via  the  local  control  bus  to  the  signal  channels  and  the  calibration 
:e. 


L. 1  Standard  Signal  Conditioning  Channel 

ig.  5  describes  in  Schematic  form  the  essential  components  and  signal  paths  of  a 
»i  conditioning  channel.  Each  Of  the  48  channels  of  a  SC  unit  is  characterized  by  the 
jwing  features: 

itware-controlled  gain  over  a  range  from  1  to  1024 

:tware-controlled  offset  compensation  from  -  10  to  +  10  VDC  with  12  bit  resolution 

:off  frequency  selectable  via  plug-in  module 

‘rail  error  smeller  than  0.5  %  over  the  range  -  25*C  to  65*C 

.tiple  signal  paths  for  test  and  calibration  facilities  (GIMICS) 

»e  sensor  signal  arrives  at  a  programmable  instrumentation  amplifier  via  an  adapta- 
module.  From  there  it  proceeds  via  a  three-pole  Butterworth-f ilter  and  a  buffer  to 
sutput.  Each  channel  has  a  DAC  to  compensate  any  static  sensor  signal  voltages.  The 
:ation  of  the  various  primary  sensor  elements  to  the  signal  conditioning  channel  is 
>rraed  via  the  plug-in  adaptation  module.  A  part  of  the  signs  1  conditioning  channel 
itial  to  GIMICS  is  formed  by  the  three  relays  A,  B  and  C.  With  their  help,  various 
and  calibration  functions  are  possible: 

calibration  signal  from  the  local  CAL  BUS  proceeds  via  relay  A  to  the  input  of  the 
iditioning  channel.  The  corresponding  reaction  is  passed  via  relay  C  to  the  receive 
le  of  the  LOCAL  CAL  BUS.  In  this  way  the  transfer  function  of  the  conditioning  chan- 
.  can  be  determined. 

j  calibration  voltage  i3  fed  via  relay  B  into  the  adaptation  module.  The  response 
:eived  via  relay  C  depends  on  both  the  function  of  the  amplifier  and  the  filter,, as 
.1  as  on  the  correct  state  of  the  sensor,  including  its  input  lines,  as  the  sensor 
lances  the  network  of  the  adaptation  module. 

the  adaptation  module  is  a  purely  passive  network^  the  raw  sensor  signal  can  be 
:racted  via  relay  B.  The  transfer  direction  on  the  transmit  line  of  the  local  CAL  BUS 
then  reversed. 


..2  Calibration  Centre 

i  essential  component  of  GIMICS  is  the  calibration  centre,  one  of  which  is  present  in 
SC  Unit.  It  , has  the  following  tasks: 

.vanic  decoupling  of  the  calibration  signal  from  and  to  the  test  and  calibration 
■tern  to  avoid  ground  loops. 

.equation  of  high  level  calibration  voltages  to  test  high  amplification  signal  chan- 
s.  ■ 


'.eration  of  signal  voltages  in  the  stand-alone  mode  of  the  SC  Unit. - 
sekeeping  signal  switching. 


g.  7  shows  the  block  diagram  of  the  single  local  calibration  centre  present  in  each 
•x.  A  calibration  signal  from  the  Test  '  and  Calibration  Systen  via  the  CAL  BUS  is 
•d  via  a  buffer  amplifier  to  the  transmit  line  of  the  local  CAL  BUS.  A  precise,  digi- 
■  adjustable  attenuator  is  connected  in  this  signal  path.  ‘It  is  thus  possible  to 


e  the  necessarily  small  input  voltages  for  high  amplification  signal  conditioning 
s  and  whilst  also  sending  high  level,  relatively  noise-immune  excitation  voltages 
;  CAL  BOS  running  throughout  the  whole  aircraft.  The  response  of  the  tested  signal 
oning  channel  passes  via  a  relay  G,  a  buffer  amplifier  and  a  relay  H  back  to  the 
5.  The  signal  paths  can  furthermore  be  so  connected  (relays  D,  P  and  G)  that  the 
r  function  of  the  components  lying  in  the  calibration  path  are  determined  before 
ual  measurement  signal  paths  are  calibrated.  With  the  aid  of  a  housekeeping  multi¬ 
values  of  interest  from  the  SC  Units,  such  as  temperatures,  operating  and  tefe- 
^oltages  and  currents  can  be  measured.  The  local  calibration  centre  possesses  in 
>n  its  own  precise  calibration  primary  sensor  element.  Using  this,  an  SC  Unit  can 
:ed  and  calibrated  completely  in  the  stand-alone  mode.  The  sum  of  all  errors  lying 
calibration  path  in  the  local  calibration  centre  is  smaller  than  0.15  %  FSD  with  a 
ture  range  from  -25*C  to  65*C.  1 


Local  Processor  (CPU) 

SC  Unit  contains  its  own  microcomputer.  Its  tasks  ares 

nication  with  the  SC  master  unit  via  the  signal  conditioning  control  bus  for 
nd  input  and  status  response 

etrization  of  the  SC,  components  and  the  calibration  centre 

ction  of  the  internal  signal  paths  of  the  SC  Unit 

test 

-alone  operation  of  the  unit 

SC  Unit  has  a  further  interface  for  a  standard  terminal,  whereby  the  unit  can  be 
d  in  the  laboratory  in  star.d-alone  mode. 


ingal  Conditioning  Master  Unit  (SCHU)  Fig.  3 

Signal  Conditioning  Master  Unit  (SCMU)  has  the  following  tasks: 

ol  of  the  signal  conditioning  and  calibration  functions  in  the  SC  Units 

ol  of  the  PCM  subsystems  in  the  SC  Units  arid  generation  of  the  programmed  PCM 


ction  of  the  program-selected  data  from  the  PCM'-frame  for  "quick-look" 

ge  of  signal  conditioning  and  PCM-system  parameters  in  a  non-volatile  memory 
g  power  off 

.nication  between  the  Signal  Conditioning  and  PCM-System  and  the  Test  and 
.  ration  System 

rder  to  fulfil  these  tasks,  all  SC  Units  ape  connected  via  two  digital  bus  systems 
e  Signal  Conditioning  Master  Unit:  , 

-ignhl  conditioning  control  bus  (SCC  BUS)  and 

?CM  BUS  ■' 

SCC  BUS  is  a  modified  RS-232-C  interface,  via  which  the  parameters  of  the  condi- 
channels  are  set  in  the  SC  boxqs  and  the  diverse  test  and  calibration  functions 
•  system  art  controlled. 

digitized  measurement-  values  pass  from  the  SC  units  via  the  PCM  BUS  to  the  PCM 
in  the  Signal  Conditioning  Master  Unit.  The  PCM  BUS  '  operates  in  two  cycles. 
’  first  phase  the  SCMU  outputs  a  16  bit  address  to  Select  a  signal  channel.  In  the 
:  phase,  the  transfer  direction  is  reversed, and  the  selected,  digitized  measurement 
rom  an  SC  Unit  is  placed  on  the  bus. 

t  bus  systems  are  optically  decoupled  in  each  unit  in  order  to  avoid  ground  loops 
r  the  spatially  widely  distributed  system.- 


i  Calibration  Bus  (CALBUS) 

’t  CAfi  BUS  is  one  of  the  most  important  parts  of  GIMICS.  It  consists  of  an  analog 
m.  t  line  and  an  analog  receive  line  which  lead  to  all  SC  Units  of  the  system  and 
v*  s  these  with  the  Test  and  Calibration  System.  The  calibration  bus  signals  are 
n  tted  via  true  differential  signal  lines  and  ate  doubly  shielded  so  as  to  prevent 

f  as  possible  falsification  of  their  transmitted  signals  by  external  noise  sources, 
e  aid  of  tt.  *s  bus,  actuation'  signals'  pass  from  the  Tent  and  Calibration  System 
to  selected  components  of-  the  Signal  Conditioning  and  PCM’  System'  and  the 
e  signals  are  returned  to  TACS. 


).  8  summarizes  the  possible  calibration  paths  dealt  with  in  the  measurement  system, 
ire : 

lination  of  raw  sensor  data 

:  signal  input  to  the  adaptation  module 

.bration  of  the  calibration  centres  in  the  SC  units 

:  and  calibration  of  signal  conditioning  channels 


2  Further  Interfaces 

:re  are  two  further  external  interfaces  to  the  Signal  Conditioning  and  PCM 
is:  ' 

1A  channel  from  the  Central  Communication  Computer  and  a 
idard  RS  232  connection  to  the  Test  and  Calibration  System 

:a  of  interest  are  passed  from  the  experimental  flight  control  system  via  the  DMA 
si  into  the  PCM  system.  The  second  interface  forms . the  main  connection’  between  the 
.  Conditioning  and  PCM  Systems  and  the  Test  and  Calibration  System. 


sst  and  Calibration  System  (TACS) 

s  lower  part  of  Fig.  3  shows  the  Test  and  Calibration  System  within  the  ATTAS 
•ement  system.  Whereas  the  components  of  the  Signal  Conditioning  and  PCM  System 
istributed  throughout  the  whole  aircraft,  the  Te3t  and  Calibration  System  is 
itrated  at  an  operating  panel  for  the  measurement  system  operator  (Fig.  9).  The 
and  Calibration  System  consists  basically  of  a  precision  digital  multimeter,  a 
iion  voltage  source  and  an  analog  relay  scanner.  The  system  is  enhanced  by  a  pro- 
ible  word  selector  for  the  analog  representation  of  selected  words  from  a  PCM  frame. 

[raphic  display  serves  to  provide  a  quick- look  representation  of  the  variety  of  test 
tlibration  functions.  The  equipment  at  this  level  is  connected  via  an  IEEE  488  bus, 
.-proven  bus  in  the  measurement  field,  to  the  most  important  GIMICS  computer.  These 


Calibration  Control  Computer 

Calibration  Control  Computer  controls  all  functions  of  the  General  Integra- 
ltipurpose  In-Flight  Calibration  System  GIMICS.  These  comprise: 

ing  up  of  the  parameters  of  the  SC  channels  and  the  PCM  suDsystem, 

rol  of  the  test  and  calibration  tasks, 

em. monitoring, 

rol  of  all  equipment  in  the  Test-  and  Calibration  System  and . 

unication  with  the  ATTAS  Fly-by-Wire  System  via  the  Central  Communication  Computer 

Fluke  1720A  was  chosen  as  the  Calibration  Control  Compiler  for  the  following 
s 

interfaces  are  standarized, 
ly  programmable  in  various  languages, 

iciently  flight-robust  and  installable  in  19"  racks  and 
able  without  keyboard  via  a  touch-sensitive  display. 


Basic  Software 

tware  has  currently  been  implemented  in  the  Calibration  Control  Computer,  which 
as  a  basis  fpr  the  yet  to  be  implemented,  varied  and  complex  test  and  calibration 
re,  but  which  is  already  employed  during  the  integration  of  GIMICS  into  the  air- 
This  software  relies  on  basic  data  records  which  are  generated  on'  the  ground  with 
d  of  interactive  programs  using'  a  keyboard.  On  3witciii ng-on,  GIMICS  is  completely 
lized  using  these  data  records.  In  the  aircraft  itself,  only  the  touch-sensitive 
y  of  the  Calibration  Control  Computer  is  used. 

user  is  guided  via  menus.  Input  is  achieved  by  simply  touching  the  corresponding 
xaint  (softkey).  This ' allows  even '  complicated  operation  sequences  to  be  performed 
t  recourse  to  a  manual. 


I CATION  OF  GIMICS 


flexibility  and  application  potential  of  GIMICS  can  be  illustrated  by  the  dynamic 
it  calibration  procedure  of  the  flight  control  system  consisting  of: 

:er 

.  rohydraulic  actuator 
lucer  and 
.  conditioning 

:omplete  control  loop  is  shown  in  Fig.  10. 

-amming  is  done  in  the  following  steps: 

ruction  of  the  tailplane  terminal  computer  to  accept  additive  analog  control  sig- 
for  the  dedicated  electrohydraulic  actuator  to  be  superposed  with  the  current 
ol  signal. 

;ction  of  the  analog  cal-in  signal  path  in  the  signal  conditioning  unit  to  the 
.nal  computer  and  the  cal-out  path  from  the  transducer  to  the  relay  scanner  of  the 
and  Calibration  System. 

■ction  of  the  cal-in  'path  to  the  noise  source  i.e.,  the  X-output  of  a  spectrum 
■ser  and  connection  of  the  Y-input  of  the  analysis  instrumentation  to  the  cal-out 
using  the  reiay  scanner. 

iinaliy,  transfer  of  the  analyzer  output  data  to  the  Calibration  Control  Computer 
rom  there  to  graphics  generator  for  display  if  required. 

procedure  the  transfer  functions  or  dynamic  characteristics  of  the  control  loop 
leasured  using  zero  mean  value  noise  .source  and  stochastic  analysis  methods  with- 
ificant  disturbance  to  the  actual  flight. 


USIQNS 

eral  Integrated  Multipurpose  In-Flight  Calibration  System  GIMICS  presented 
one  answer  to  the  ever  increasing  complexity  of  flight  test  instrumentation  and 
es  in  the  fields  of  In-Flight  Simulation,  The  modular  and  integrated  concept 
>  an  optimum  transparency  in  the  complex  hardware  and  software  comprising  the 
ntrol  system.  For  this  reason  GIMICS  is  one  of  the  most  important  tools  for  ATTAS 


development, 
acceptance  testing, 
check  out  and 

operation  '  . 

pe  that  the  concept  represented  by  GIMICS  will  widen  the  techniques  for  checkout, 
and  calibration  over  a  wide  range  of  application  of  he  DFVLR  ATTAS  In-Flight 
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mentation  interfacing  frequently  requires  the  linking  of  intelligent  systems  together,  as  well  as 
the  link  itself  to  be  intelligent.  The  airborne  instrumentation  computer  system  (AZCS)  was  devel- 
idress  this  requirement.  Its  small  size,  approximately  254  by  133  by  140-mm,<10..by  5\<l  by  5V5  in) 
dus,  and  modular-board  configuration  give  it  the  ability  to  solve  instrumentation  interfacing  and 
m  problems  without  forcing  a  redesign  of  the  entire  unit.  This  system  has  been  used  on  the  F-15 
Jigital  electronic  engine  control  (DEEC)  and  its  follow-on  engine  model  derivative  (EMD)  project, 
OV-1C  Mohawk  aircraft  stall-speed  warning  system.  The  AICS  is  presently  undergoing  configuration 
l  an  F-104  pace  aircraft  and  on  the  advanced  fighter  technology  integration  (AFTI)  P-111  aircraft. 


advanced  fighter  technology  inte¬ 

LSB 

least  significant  byte 

gration 

LSI 

large-scale  integration 

airborne  instrumentation  computer 

system 

MIL-STD-1 553 

military  standard  number 

Aeronautical  Radio,  Inc.  specifi¬ 

MSB 

most  significant  byte 

cation  number 

PCM 

pulse  code  modulation 

digital  electronic  engine  control 

PROM 

programmable  read-only  memory 

direct  memory  access 

RAM 

random  access  memory 

electrically  erasable  program¬ 
mable  read-only  memory 

RMDFJ 

remote  multiplexer  digitizer  unit 

engine  model  derivative 

RS-232C 

Electronics  Industry  Association 

erasable  programmable  read-only 
memory 

TTL 

standard  number 

transistor-transistor  logic 

input/output 

.  liquid  crystal  display 


USART  universal  synchronous/asynchro¬ 

nous  receiver  transmitter 


iUCTION 

creasing  digital  nature  of  aircraft  being  tested  at  NASA  Ames  Research  Center's  Dryden  Flight 
acility  has  increased  the  need  for  flexible  digital  instrumentation  systens.  Test  aircraft  typi- 
digital  systems  of  unique  design  on  board  and  researchers  need  to  derive  data  from' those  systems 
raft  often  have  minimal  space  for  flight-test  instrumentation.  This  paper  addresses  the  need  for 
hat  is  capable  of  interfacing  special  digital  systems  to  pulse  code  modulation  (PCM)  systems  and 
nboard  engineering  calculations  and  display.  The  development  of  the  system  is  discussed,  and 
amples  are  described. 

OBX.EMJ 

ft  instrumentation  systems  used  at  NASA  Ames,  Dryden  are  built  either  in-house  or  by  a  contractor., 
ject  is  designed  in-house,  NASI,  has  the  choice  of  selecting  those  systems  that  correspond  well  to 
g  experience  and  data  reduction  methods.  When  an  instrumentation  system  is  contractor  built  (off 
is  frequently  of  a  unique  design,  or  of  a  design  that  dees  not  lend  itself  to  merge  gracefully 
mes  Dryden  data  systems. 

e  space  on  an  aircraft  is  limited,  there  is  typically  very  little  room  to  house  an  instrumenta- 


t  requirements,  regardless  of  where  they  originate,  tend  to  be  evolutionary.  Because  of  unfore¬ 
requirements,  new  ideas,  or  lack. of  foresight,  instrumentation  systems  may  require  modifications, 
rs  to  be  a  minor  modification  can  cause  significant  changes. in  the  overall  system. 


ime  data  reduction  is  desired  on  a  number  of  flight  projects  that  are  flown  at  Ames  Dryden.  The 
ion  for  these  requirements  include:  saving  flight  time  by  immediately  determining  if  a  data  run 


sd  the  required  data)  helping  the  pilot  identify  a  potential  problem  in  his  flight  systems,  and- 


■  to ‘take  corrective  action;  dynamically  changing  the  flight  plan  baaed  on  observed  data;  and 
e  pchitf  light  data  "-eduction  task3. 

h  flight#  are  becoming  longer  in  duration  and  are  increasing  in  frequency.  This  puts  real-time 
ion  facilities  at  a  premium.  Postflight  data  reduction  is  a  time-consuming  process  and  require- 
se  of  this  facility  add  significant  delays  in  providing  researchers  with  flight  data.  Methods 
the  time  requirements  on  these  facilities  are  therefore  desirable. 

,  manpower  and  budget  constraints  are  increasingly  becoming  a  problem. 

t,  a  small,  versatile,  programmable,  and  inexpensive  digital  interface  and  calculation  system  is 


ION 

ns  to  problems  are  derived  from  experience,  knowledge,  and  the  use  of  available  equipment.  The 
esented  here  is  not  necessarily  in  the  order  of  that  which  was'  followed,  but  all  of  the  items 
ial  in  the  production  of  the  final  result,  At  all  times,  simplicity  and  flexibility  of  design 
n  mind,  as  was  serviceability  of  the  equipment.  An  effort  was  made  to  solve  many  instruraenta- 
ms  at  once  by  developing  multipurpose  and  standardized  units. 

ection 

buses  were  considered.  Design  goals  included  simplicity  of  bus  architecture,  small  size,  and 
y  of  low-cost  commercial  boards  and  prototype  building  cards.  The  STD  bus  (Ref.  1)  met  those 
s.  It  was  designed  to  work  with  8-bit  microprocessors  and  has  an  8-bit  data  path.  An  8-bit 
sor  (as  opposed  to  more  complicated,  newer  16-bit  microprocessors)  was  deemed  adequate  for  most 
applications.  The  bus  supplies  circuit  boards  wiiii  +5  V,  +12  V,  and  -12  V.  .No  onboard  regula- 
equired  for  transi3tor-transistor  logic  (TTL)  circuitry,  thus  saving  board  space. 


re 

puter  enclosure  has  to  be  as  3mall  as  possible  to  fit  in  the  limited  space  of  most  aircraft, 
e  enough  to  accommodate  three  wire-wrapped  prototype  cards  or  six  printed  circuit  cards.  This 
minimum  of  15.875  mm  (0.625  in)  spacing  between  card  slots.  As  prototype  cards  are  debugged 
ocated  and  fixed)  and  made  into  printed  circuits,  more  space  is  available  for  additional  proto- 
this  way,  the  same  enclosure  can  be  used  by  both  prototype  and  final  systems.  A  number  of  these 
manufactured  at  Ames  Dryden  without  detailing  the  mounting  of  power  supplies  and  connectors, 
each  project  the  flexibility  to  determine  what  interface  connectors  to  use  on  the  AICS.  Signers 
tionally  grouped  in  different  connectors.  Inexpensive  of f-the-shej f  connectors  can  then  be  used, 
:es  the  problem  of  special  connectors  being  out  of  stock. 

■mputer  Board  Selection 


r  of  interface  cards  were  commercially  available  for  the  STD  bus,  but  the  available  microproc- 
wera  not  functional  in  a  very  small  system.  Since  as  much  room  as  possible  should  remain  in 
.re  tor  project'-dependent  interfaces,  the  basic  general  purpose  computer  and  standard  input- 
mitry  should  hie  contained  on  one  card.  Because  some  projects  require  the  processing  of  signif- 
its  of  real-time  complex  engineering  equations,  an  arithmetic  or  floating-point  processor  was 
e  the  card  needed  to  withstand  rugged  flight  environments,  and  one  was  not  available  that  satis- 
the  above  requirements,  a  decision  was  made  for  an  in-house  design  of  the  microcomputer  board. 


:E  SYSTEM  DESCH 


IPTION 


!  8C35A  mlcropr 
i  8231 A  floatiri 
lilobytes  of  2 


:s  consists  of  an  enclosure  approximately  254  by  133  by  140  mm  (10  by  51/4  by  51/2  in)  and  contains 
•ard' microcompc ter  that  plugs  into  an  industry-standard  STD  backplane.  This  backplane  accom- 
her  commercially  available  or  specially  designed  interface  boards.  The  enclosure  itself  can  be 
to  fit  the  needs  of  the  individual  project  with  respect  to  power  supplies  and  external  connec- 
lical  project  configurations  yield  an  AICS  power  consumption  of  under  50  W.  Having  the  power 
■reined  by  the  project  allows  state-of-the-art  power  converters  to  be  used  as  they  become  avail- 
1  is  an  internal  view  of  the  F-15  digital  electronic  engine  control  (DEEC)  prototype  AICS  and 
rs  an  enclosed  AICS  as  used  in  the  OV-1C  aircraft. 

irt  of  the  AICS  system  is  a  microcomputer  board  that  plugs  into  a  wide-spaced  STD  bus  backplane 
ns  six  card  slots.  There  are  enough  standard  peripheral  components  on  the  processor  board  so 
.ve  remaining  STD  bus  slots  can  be  devoted  to  special  system  requirements. 

imputer  Board  Cescription 

igle-board  computer  uses  six-layer  printed  circuit  technology  to  accommodate  a  number  of  large- 
iration  (LSI)  components  on  a  single  board  measuring  14.3  by  165.1  by  1.6  mm  (4.5  by  6.5  by 
The  board  contains: 


ocessor. 

g-point  arithmetic  processor.  .  . 

erasable  programmable  read-only  memory  (EPROM), 


332 


25-3 


kilobytes  of  either  2716  EPROM  or  6116  random  access  memory  (RAM)  plus  2S6  bytes  of  RAM  in  an 
55  RAM  input-output  (I/O)  port. 

o  8251  universal  synchronous/asynchronous  receiver  transmitters  £  US ART )  that  can  be  used  either 
th  TTL  signals  or  RS-232C  level  signals  provided  by  the  75188  line  driver  and  the  75189  line 
ceiver. 

ree  16-bit  programmable  timers  in  an  8253  programmable  timer  (two  used  for  USART  bit  rate 
itrol). 

bits  cf  parallel  I/O  using  the  8155. 

Iress  decoding  using  82? 1 31  programmable  read-only' memory  (PROM). 

3  bus  interface. 

Lght-qualvfied,  low-profile  sockets  that  every  integrated  circuit  plugs  into, 
ird  configuration  controlled  by  jumpers  on  the  user  interface  connector. 

is  a  simplified  block  diagram  of  the  single-board  computer  and  Fig.  4  is  a  photograph  of  the 
board.  One  reason  the  8085A  microprocessor  (Ref.  2)  was  chosen  was  because  of  its  superior 
lirciiitry.  It  allows  direct  inputs  for  one  unmasked  and  three  masked  interrupts  with  various 
is  of  level  and  edge  triggering,  is  well  as  allowing  one  line  for  up  to  seven  externally  vec- 
rrupts.  Because  instrumentation  projects  are  intensely  real-time  oriented,  interrupts  are  used 
r.  Good  priority  intern'; it  circuitry  on  the  microprocessor  chip  can  reduce  the  microcomputer 
ment  count. 

ISA  is  clocked  by  a  crystal  operating  at  a  frequence  of  6.144  MHz.  It  yields  a  microcy.  le  time 
A  typical  instruction  completes  in  2  to  3  us.  Address,  data,  and  control  lines  (such  as 
i.  Clock,  I/O-Memory  select.  Address  Latch  Enable,  and  Reset)  are  bused  to  all  of  the  peripheral 


|S  provides  two  8-bit  and  one  6-bit  parallel  input/output  ports,  256  bytes  of  static  RAH,  and  a 
trammable  timer  for  the  board  (Ref.  2).  Two  2732  EPROMs  (Ref.  2)  provide  the  board  with  8  kilo- 
ogram  memory,  with  the  remaining  2  kilobytes' of  memory  being  either  a  2716  EPROM  (Ref.  2)  or  a 
:ef.  3). 

■1  integrated  circuits  (Ref.  2), provide  OSARTc  to  the  board.  Their  bit  rates  are  determined  by 
ogrammable  timer  which  allows  separate  control  of  the  two  8251.  bit  rates.  The  US ARTS  can  be 
to  operate  in  either  a  synchronous  mode  at  0  to  64,000  bits  per  second  or  in  an  asynchronous 
o  19,200  bits  per  second.  The  75189  and  75188  integrated  circuits  (Ref.  4)  provide  R5-232C  I/O 
1  interfacing. 

card  address  decoding  is  provided  by  tnree  82S.1  31  PROMs  (512  by  4  bits  each).  Use  of  PROM 
lows  maximum  flexibility , in  determining  onboard  addresses  (there  is  no  fragmentation  of  memory 
esses  —  all  addresses  are  contiguous  ana  unique)  as  well  as  allowing  offboard  direct  merory 
ces  to  access  the  computer  board's  memory.  Use  of  discrete  logic  to  accomplish  these  tasks 
up  too  much  room  on  the  board. 

y  the  most  important  factor  in  making  this  board  universally  applicable  to  many  real-time  instru- 
1  ys terns  is  the  use  of  the  8231 A  arithmetic  processor.  The  8231 A  integrated  circuit  is  a  powerful 
.  hat  will  perform-  single-  and  double-precision  fixed-point,  as  well  as  floating-point  arithmetic 
fic  calculations  (Ref.  2).  Thus  all  of  the  mathematical  operations,  can  be  offloaded  to  the 
processor  which  contains  a  32-bit  wide  internal  data  path.  Benchmark  testing  has  indicated  that 
wentyfeld-savings  in  execution  time  can  be  realized  by  using  the  arithmetic  processor  (Ref.  5). 
i  imes  of  floating-point  Instructions  in  the  arithmetic  processor  vary  considerably)  for  example, 
g-point  multiply  instruction  takes  approximately  50  ys  and  a  cosine  operation  takes  1.34  ms 

'  1 A  is  interfaced  to  the  8085A  through  the  8-bit  data  bus,  control  lines  for  Read  and  Write, 

select,  and  the  least  significant  address  line.  This  address  line,  in  conjunction  with  Read 
lgnal3,  tells  the  8231A  what  types  of  operations  it  will  be  doing;  (for  example,  data  entry  or 
The  8085A  passes  data  and  commands  to  the  8231 A,  and  receives  results  back  from  the  8231A.  Data 
r.ternally  on  a  stack  in  the  8231A.  The  data  stack  is  either  16  bits  or  32  bits  wide,  depending 
ation.  The  8085A  is  typically  programmed  to  wait  for  the  completion  of  each  command  it  sends  to 
This  is  the  most  straightforward  way  to  program  it.  The  8085A  could,  hottever,  be  programmed 
the  8231A  instruction,  continue  with  8085A  instructions,  and  check  the  status  of  the  8231A  only 
'  suit  is  required  by  the  8085A.  This  would  increase  the  information  processing  rate  (throughput) 
is,'  but  generally  the  arithmetic  operations  are  done  contiguously.  Therefore,  the  program 
would  not  be  enhanced  by  this  alternate  scheme.  It  would,  however,  require  a  larger  code  space 
the  extra  status  checks  required.' 

ry  Interface  ' 

ry  systems,  at  Ames  Dryden  use  data  words  that  are  between  8  an  1  12  bits  long  —  typically, 
iboard  computer  systems  that  need  to  interface  to  the  telemetry  system  frequently  have  word 
:  are  16  bits  long.  Two  asynchronous  activities  are  taking  place  in  the  system;  data'  coming 
.'IS  from  the  onboard  computer  or  data  system,  and  data  being  passed  from  the  AICS  to 'the' 


not,  -JC4-  iuii.i  li cannier reo  m  \ o  oi  ts }  at  a  rise  vnen  tune  teieaetry  system  is  recue st- 
vhol'e  transfer  out.  This  is  accomplished  by  latching  ail  * 6  bits  and  transferring  them  all  at  the 
tirse  to  a  ■  6-01  c  memory.  When  the  telemetry  system  requests  data,  all  ?6  bits  are  read  out  of  memory 
ce  and  stored  m  a  register  where  the  teler?»etry  system  can  access  the®. 

o  interface  the  AICS  with  a  remote  multiplexer  digitizer  ur.-t  { RMC V )  PCM  system#  two  boards  were 
ned.  Fig.  5  is  a  simplified  block  dia  fae  of  the  circuitry  on  these  boards.  One  hoard  contains  the 
/  accessible  by  the  PCM  system  and  the  other  contains  the  direct  aseaory  access  (DMA)  controller  that 
CM  system  uses  tc  interrogate  the  PCM  a  nor'*.  The  basic,  operation  can  be  summarized  as  foiiowst  The 
al  processor  places  data  m  the  two  3-bit  latches,  then  simultaneously  writes  the*  into  the  PCM  acces- 
•emery  as  a  single  16-bit  value.  The  r  DM  input  port  is  organized  in  *G-bit  units.  When  the  PCM  sys- 
'equests  a  value  through  a  PCM  word  request  signal,  the  '•glitch*  detector  (a  glitch  is  a  spurious  aayn- 
ous  signal  that  is  to  be  ignored)  verifies  the  validity  of  the  request.  A  divide  by  two  latch  acti- 
the  DMA  controller  every  second  PCM  word  request.  The  DMA  controller  presents  the  requested  16-bit 
to  the  PCM  input  port  within  4  is.  The  most  significant  10  bits  are  taken  by  the  PCM  on  that  request, 
ixt  PCM  word  equest  multiplexes  the  lower  order  6  bits  -w*  moot  requiring  another  memory  r  rad.  The 
id  of  cycle  signal  resets  the  divide  by  two  latch  to  ensure  synchronization  of  the  DMA  activity  with 
?leae try  syste®.  It  also  terr.inates  the  DMA  activity  for  that  cycle.  This  signal  is  required  only 
to  synchronize  the  telesvetry  data  -aap  with  the  interface,  but  continuous  use  of  this  signal  ensures 
transient  improper  operation  will  not  cause  the  interface  to  lose  synchronization  for  very  long. 

sice  Output 

ns  board  was  d*s * gned  to  interface  the  processor  with  a  speech  synthesizer  through  the  STD  bus. 
i  is  a  simplified  block  diagra*  of  this  bo^.-J.  It  uses  a  Votrax  SC-0*  phoneme  speech  synthesizer 
6)  that  has  64  different  phonemes.  Circuitry  has  been  added  to  allow  extended  pitch  control.  An 
.ntegrated  circuit  {Ref.  2)  is  used  to  control  various  onboard  functions,  as  well  as  provide  2  fcilo- 
of  onboard  EPROM  for  word  tables  or  additional  programming  space.  Use  of  a  phor.eme-baseo  speech 
»sizer  allows  customized  vocabularies  to  be  programmed  arvd  tested  inexpensively.  (Phoneme  synthe- 
i  sound  mechanical,  yet  are  intelligible.) 

jftware  Design 

rocrammmg  the  AICS  for  a  specific  project  is  a  major  part  of  the  application  effort.  To  effectively 
>iish  that,  software  development  tools  are  required.  One  of  the  tools  available  at  Amea  Dryden  is  a 
:ul  relocating  cross  assembler  on  a  mini  comp«;  ?«?  r .  Instead  of  filling  up  the  AICS  eemory  with1  an  exist- 
>' rating  system  and  sper-mg  a  lot  of  time  wcr*;r,q  around  tt  (and  locating  the  problems,  or  “bugs"), 
/■stem  software  was  completely  designed  and  tailored  to  the  particular  needs  of  flight  test  instrti- 
non.  This  optimized  the  code  size,  a*  well  as  providing  in-house  knowledge  of  the  inner  software 
'<7*  • 

>e  instrumentation  requirements  that  dictate  the  software  design  include:  *uncr.ionatly  optirtzed  code 
r/erhead);  the  ability  to  stand  alone  {nonvolatile  program  memory )j  optimal  utilization  of  hardware: 
•plicity.  In  order  to  achieve  functionally  optimized  code,  ail  code  was  written  in  assembly  language, 
evel  computer  language  compilers  that  optimize  code  were  not  available  for  this  system.  Extensive 
r  user-definable  operation  codes  (macros)  i..  the  macro  assembler  raised  the  -level  of  programming  to 
:  that  of  a  high-level  language,  but  retained  optimizing  character istics  by  assembling  only  what  w*» 

!.  The  use  of  a  librarian  allowed  linkage  of  only  thorn#  routines  required  by  the  program*! nq.  The 
a  microprocessor  hardware  emulator  allowed  program  development  to  proceed  without  requiring  the  pro¬ 
le  velopment  code  ‘to  be  part  of  the  microprocessor  software.  The  use  of  the  real-time  hardware  emu  la- 
:  an  indispensable  tool  in  developing  microprocessor  system#  in  a  1 1 ms-ef f active  manner. 

•aeons  for  programed  ng  in  a  high-level  language  (such  as  FOPTPAII  or  PASCAL)  m»  lude  the  need  for? 
ted  input/output  ,*  floating-point  formula  ralcu  lat  lonsi  and  ease  of  programming  and  debugging  (ftnd- 
rors).  Using  macro  coding,  formatted  input/output  and  f  lost  i ng-poi nt  formula  calculation#  were 
>lished.  Ease  of  programming  usual. ly  implies  separation  from  hardware,  *d»lch,  by  the  nature  of  th»s 
i,  is  undesirable.  A  reasonable  compromise  ha#  less  achieved  by  the  use  of  libraries  of  mserbs  add 
«tines. 

TPO*  DATA  STORAGE  TECKMlgUE 

<  data  acquisition  system#  requiring  smell  amounts  of  data,  electrically  erasable  prograsmisble  read- 
mmory  (EEPPOM)  is  useful  in  providing  nonvolatile  storage.  ,  It  allow#  f light -dependent  documental ion 
nd  calibration  coefficients  to  be  entered  without  requiring  removal  of  components  for  programming* 

•  not  require  bettery  backup,  it  is  lnexpenatve,  and  because  It  Is  solid  state  it  ha#  no  mowing 

The  technique  of  using  EEPSOM  for  data  storage  ms#  used  on  the  OV-iC  aircraft  stall  warning  system 
re  flight  parameters  at  moments  determined  by  the  pilot.  After  engine  shutdown,  data  could  be  off- 
(in  both  uncalibreted  and  calibrated  form#)  directly  from  the  AICI  to  a  printer  to  provide  hardcopy 
flight  data. 

vipomwnrrAL  corns xpepjitiom* 

haustlvs  environmental  tests  have  not  yet  heen  '-ondurted  on  the  AICS.  However,  one  ronf iguratlon 
ted  in  ss-tlon  S.2  hae  been  vibrated  to  HAAA  process  spec i f teat  ion  2t-2,  curve  A  (tjg  from  K  to 
).  forced  air  ventilation  of  at  least  0.AS0  e J  ei  n  (10  ft,/min)  has  heen  used  on  all  flying  aystem#* 
mponent#  used  on  .rh*  el croproreaaor  tx>ard  are  aval  lab*#  ’in  el li tary-apeci f i ed  (MIL-SPHC,  harsh  envi - 
t)  fora.  The  temperature  regimes  of  current  appUr*r,  i  ona  have  allowed  the  use  of  .comsmrcial  grade 
ante,  thus  saving  development  coet. 


F- 1  S  EJffi  (DEBC) 


The  AICS  is  presently  being  used  on  the  F-tS  aircraft  DEBC  and  its  follow-on  engine  aodel  derivative 
)  project.  This  aircraft  is  fitted  with  two  DEBC  computers.  Fig.  9  is  a  simplified  block  diagram  of 
f- •  i  DEBC  instrueentation  systee.  The  AICS  is  acting  as  the  interface  between  the  two  DEBC  computers 
the  PCM  systee.  Each  of  the  DEBC  computers  sends  !6-bit  data  asynchronously  to  the  AICS  in  a-bit 
tuas  at  9600  bits/sec.  Each  data  frase  consists  of  100  16-bit  words,  including  1  I6-bifc  synchrcmiza- 
word.  The  USARTs  on  the  AICS  ei crop rocessor  board  receive  this  data  and  interrupt  the  microprocessor, 
i  in  turn  dmcommutates  the  deta  and  places  it  in  the  neeory  on  the  PCX  aeaory  card.  The  teleeetry  sys- 
retneves  this  deta  as  described  in  section  4.2.  Status  words  are  foreed  by  the  AICS  to  determine  the 
th  of  the  systee,  including  prograe  status,  data-streaa  status,  and  synchronisation  status.  This  sta- 
inforestion  is  passed  to  the  teleeetry  systee  for  real-tiee  evaluation. 

The  m«tf>er  of  words  per  f raws  of  asynchronous  data,  as  well  as  the  nueber  of  DEBC  engines  (one  or  two) 
?<•,  has  varied.  Since  the  AICS  is  a  ei c r op rocessor- based  design,  only  software  eodif icattoo*  have  been 
ired  to  reconfigure  it  for  the  different  configurations. 

5V-1 C  Aircraft  Stall  Naming 

rhe  AICS  is  slso  being  used  to  test  a  stall  warning  concept  aboard  a  United  State*  A  ray  OV-IC  Mohawk 
raft  (Ref.  7J  in  a  joint  MASA/Arey  project.  Fig.  8  is  an  overall  block  diagram  of  the  OV— IC  stall 
mg  systee.  This  systee  represents  the  eoet  complex  use  of  the  AICS  to  date,  and  serves  to  illustrate 
xitential  power  of  the  AICS.  It  provides  nearly1  all  of  the  functions  associated  with  real-tiee  data 
tction  and  display  including: 

1.  data  acquisition  via  two  10-felt  digital  Inputs: 

2.  data  acquit. tion  via  nine  analog  input*: 

).  sensor  calibration  assistance: 

I.  real-tiaa  engineering  unit  calculation#: 

>.  real-tie#  control  of  synchro-driven  cockpit  indicator  need  lea  displaying  airspeed  and  stall 
speed: 

>,  e  voice  syntheelsed  sural  warning  of  approaching  stall  to  th*  pilot; 

audible  sensor  liait  warning  to  the  flight  tea t  engineer: 

1.  non  volati  le  deta  storage: 

reel-tie*  data  display  of  uncallbrated  mst.unentac ion  counts,  as  wall  as  engineering  unit  d.  ea: 
end  •  '  , 

I,  poetf  light  dump  of  th*  raw  data  or  englnaering  unit  deta  for  iesaadlat*  analysis. 

if  s  hand-held  liquid  crystal  display  {VCD)  keyboard  data  antry  and  display  unit  trig.  *>  allow*  th* 
it  teat  enginser  to  access  flight  data  and  enter  selected  coefficients. 

tdvenced  Fighter  Technology  Integration  (AFTI)  MU  Aircraft 

■he  AFTI  prograe  is  studying  th#  concept  of  s  variable  castoer  qtng  on  *n  F-111  airplane.  It  ha#  a  coe- 
control  systee  that  is  controlled  by  two  airborne  coeputers.  This  systee  was  designed  by  «  contractor 
s  soother  esaaple  of  the  requl  resent  of  s  unlgue  interface  to  NASA's,  PCM  system.  Th*  AICS  h*r<hr*r* 
for  this  interface  task  is  naarly  identical  to  th#  set  used  on  the  F-1S  aircraft.  It  was  only  nacea- 
to  add  on*  lin*  receiver  card.  Because  of  the  flesibllity  Inherent  in  th*  eicroproceeeor-bsaed  design 
e  AICS,  the  remaining  eodif ications  required  by  the  project  were  completed  In  th*  software. 

■UAtmtV  APPl-ICATIOnS 

.'->04  race  Aircraft 

evelopeent  is  underway  to  us*  the  AICS  ae  a  reel-tie*  calculation  and  display  systee  for  aircraft 
g  work.  It  would,  based  oh  pitot/static  pressure  sensor  Input,  provlds  altitude,  airspeed,  and 
ion-error  corrected  Mach  nuWwr  display  to  th*  pilot  or  flight  test  snqinser,  ae  wall  ae  optionally 
t  this  information  into  th*  PCM  systee  for  romper 1 son  with  ground  decs  celculatioae.  Fig.  >0  is  a 
i f lad  block  dtagran  of  this  1  net  rumen tat l on  system. 

ntegrated  I  era  or  Systee  Front  Panel  Controller 

he  el croconputer  board  developed  for  AICS  is  slao  being  used  In  a  ground-based  project  as  a  control- 
or  data  entry  and  display  vl#  an  A*!wr--4J9  data  bus  (Ref,  •).  Th#  AS IMC-429  bus  1*  used  aa  th*  com¬ 
et  ion  bus  for  stst#-of -tha-srt  strspdown  inertial  navlgstlon  systems  being  used  at  Ames  Dryden.  The 
software  development  tocls  that  were  used  for  the  airborne  AICS  are  also  used  for  this  project. 


nned  enhancements  to  the  system  include  the  ability  to:  interfere  with  different  types  of  PCM  sys- 
^  addition  to  the  RMDCJ},'  interface  with  the  MIL-3TD- i 553  data  bus  (Ref.  9);  and  decommutate  data 
board  PCM  system*  so  that  the  AICS  can  take  advantage  of  telemetered  data  rather  than  requiring  the 
interface  to  the  sensors  directly. 

i-integrated  parameters#  such  as  current  aircraft  weight#  could  be  calculated  in  real  time  on  an 
t  using  the  AICS.  These  parameters  could  be  passed  on  to  the  flight  recorder  or  ground  stations, 
ild  si^>iifv  postflight  data  reduction  by  allowing  time-integrated  flignt  parameters  to  be  observed 
requiring  that  a  flight  tape  be  replayed  for  inteqration. 

increase  the  system  information  processing  rate,  multiprocessing  could  be  used  in  the  AICS. 
i  the  STD  bus,  by  virtue  of  its  simplicity,  is  not  designed  for  multiprocessing#  it  could  be 
3  by  electrically  splitting  the  STD  backplane  into  two  or  more  individual  STD  buses.  The  micro- 
rs  on  each  bus  could  then  be  responsible  for  different  processes  and  communicate  with  each  other 
their  parallel  or  serial  I/O  lines  on  the  user  interface  connector.  Thus  a  division  of  labor 
i  achieved  without  altering  the  bus  architecture  or  requiring  substantial  rewriting  of  system 

iher  approach  for  increasing  the  system's  information  processing  rate  is  to  use  peripheral  proe- 
>n  boards  that  are  interfaced  to  the  host  microcomputer  board  through  the  STD  bus .  The  host  micro- 
:  would  act  as  overall  system  controller#  but  the  peripheral  processors  dould  handle  special  purpose 
u remen ts. 

-S I  manufecturi ng  techniques  improve,  more  powerfu 1 • microcomp u ter  components  are  being  built  in 
packages  that  use  less  power  than  previously  possible.  This  offers  the  possibility  of  using  these 
#erful  microcomputers  in  a  system  the  sire  of  the  AICS.  In  brder  to  maintain  the  current  STD  bus 
:e  for  compatibility#  an  8-bit  data  path  would  need  to  be  maintained  off  the  microcomputer  board# 
j-bit  (or  larger)  data  path  could  be  used  on  the  microcomputer  board  itself  to  increase  bandwidth. 

JCLUSIOKS 

able  aircraft  instrumentation  interfaces  such  ss  the  airborne  instrumentation  computer  system 
ire  obtained  by  using  a  microprocessor -based  system  design.  Large-scale  integration  i LSI)  tech- 
1 1 lows  these  computer  systems  to  be  small  enough  to  fit  in  most  test  aircraft.  Because  of  soft* 

>lst  project  modifications  can  frequently  be  made  without  requiring  hardware  redesigns.  A  common 
isrdware  can  be  used  for  several  projects,  thus  decreasing  the  overall  coat  of  engineering  each 
The  use  of  s  floating-point  arithmetic  processor  allows  real-time  engineering  equation  calcula- 
•  take  place  onboard  the  aircraft  for  display  in  the  cockpit  or  for  telemetering  to  the  ground. 

•rten*  the  time  requirements  for  s  ground-based  real-time  data  reduction  facility.  Onboard  calcu- 
■t  time- Integra  ted  parameters  (such  as  gross  weight)  simplifies  postflight  data  reduction  by  sllow- 
-lntegrated  flight  parameters  to  be  obeerved  without  having  to  replay  an  entire  flight  tape  to 
e  them.  This  saves  in  postflight  data  reduction  time.  Significant  savings  in  data  analysis  and 
ntation  modification  times  are  realized  using. this  design. 
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